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immunoglobulin bearing, respectively. These figures correlate well with 
the known number of immunoglobulin-bearing splenocytes (4441%) and 
demonstrate minimal nonspecific adherence. 


To determine the immunological sensitivity of the microspheres, two 
different systems were tested. It was found that 100% of the chicken red 
blood cells was magnetically removed from suspension when 2104 pg of 
microspheres was incubated with 1 X lo6 chicken red blood cells. One 
milligram of staphylococcal protein A microspheres coupled with rabbit 
anti-human IgG effectively depleted all immunoglobulin-bearing human 
peripheral lymphocytes from a suspension containing 580 X lo6 cells. 
These values demonstrate the capacity of staphylococcal protein A mi- 
crospheres to separate a large number of cells rapidly and effectively uia 
immunological means. 


The ability of staphylococcal protein A microspheres to bind several 
different antiserums, which can confer a high degree of immunological 
specificity in uitro, was presented in this paper. Because magnetic mi- 
crospheres can be used as drug carriers (I), it is proposed that with the 
addition of staphylococcal protein A to the microsphere matrix, tumor- 
specific antibody could be bound rapidly, resulting in a carrier capable 
of area-specific drug delivery and tumor-cell specificity. Thus, drug action 
could be limited solely to the desired cell population. 


Because antibody coupling is rapid and easily performed, it is ideally 
suited for cell separation. No spacer group has to be coupled to the mi- 
crospheres prior to antibody coupling. Moreover, no chemical coupling 
agents are used, which allows the reutilization of valuable antiserums. 
Since most IgG subclasses can bind staphylococcal protein A micro- 
spheres, this system may be valuable in rapid protein and enzyme puri- 


fication. This system also may be useful as a mechanism for automated 
radioimmunoassays. 
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Abstract The in uiuo kinetics of low-dose doxorubicin (0.05 mg/kg), 
entrapped in a carrier and magnetically targeted, were characterized in 
a rat tail model. Tissue concentrations of doxorubicin at  a preselected 
target site and in various organs were followed over time. As late as 60 
min postinjection, 3.7 Fg/g of drug was found at  the target site with no 
detectable drug levels found in any organ. In comparison, a 100-fold 
higher dose (5.0 mg/kg iv) of free doxorubicin yielded drug concentrations 
of 1.8 pg/g at  the target site and 15.0 pg/kg in the pooled organs. There- 
fore, 1% of the free intravenous dose targeted magnetically yielded ap- 
proximately twice the Iocal doxorubicin concentration at  a preselected 
target site with no detectable systemic distribution. Magnetic targeting 


of particulate drug carriers to localized disease sites is suggested as an 
efficient method of obtaining high local drug concentrations and may 
reduce many unwanted side effects from unrestricted systemic circula- 
tion. 


Keyphrases Microspheres, magnetic-as drug carriers, doxorubicin, 
in uiuo 0 Carriers, drug-doxorubicin-bearing magnetic microspheres, 
in uiuo Doxorubicin-in uiuo fate of localized low dose, kinetics 
Delivery, drug-magnetic microspheres as drug carriers, doxorubicin, 
in uiuo Microencapsulation-symposium, doxorubicin-bearing mag- 
netic microspheres, in uiuo fate of localized low dose 


Current approaches to enhancing the tumoricidal ac- 
tivity of antineoplastic agents involve combining them with 
various carriers in the hope of favorably altering their 
systemic distribution. Early work by Chang (11, who en- 
capsulated proteins and enzymes to develop artificial or- 
gans, suggested that drugs also may be encapsulated in 
carriers. The current targeting of drug carriers such as li- 
posomes (2) or natural cells (3) depends on a moderate to 
marked enhancement of the endocytic activity (4) exhib- 
ited by some solid tumors. Other modalities for enhancing 
drug concentration at  known tumor sites include regional 
perfusion, hyperthermia, and local installation and im- 
plantation of drugs. However, most of these modalities 
have met with limited clinical success (5) .  


A biophysical approach to targeting chemotherapeutic 
agents to known tumor sites was described recently (6). 
The system utilizes magnetically responsive albumin mi- 
crospheres as the carrier for entrapped doxorubicin. The 
application of an extracorporeal magnetic field over a se- 
lected body area results in accumulation of the carrier 
containing the entrapped drug at  the target site. The 
synthesis (7), magnetic responsiveness (€9, and in uiuo 
distribution (6) of the carrier a t  one time period postin- 
jection were described previously. However, the correlation 
of carrier distribution with doxorubicin distribution over 
time was not examined. In this report, the levels of doxo- 
rubicin obtained at different time intervals at a preselected 
target site are characterized. In addition, a low dose (0.05 


0022-3549/ 8 1/ 0400-0389$0 1.00/0 
@ 198 1. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 389 
Vol. 70. No. 4, April 1981 







Table I-In Vivo Distribution of lZbI-Labeled Magnetic Microspheres 


Time Magnetic 
Field Was 


Amlied. min Liver Lungs Spleen Kidneys Heart 
Tail Segment 


1 2 3 4 - *  . - 
5 7 4 5 0 0 0 0 47 0 


15 6 4 5 0 0 0 0 45 0 
30 6 6 8 0 0 0 0 45 0 
60 8 6 8 0 0 0 0 44 0 
Control 13 6 10 0 0 0 0 0 0 


0 Values are expressed as counts per minute X 102 per gram of wet weight of tissue and represent an average of two animals. The control consisted of microsphere infusion 
without the application of a magnetic field. The level of detectability was 3 X 102 cpm/g. Values were rounded to the nearest 100, with zero indicating that counts were 
either not present or below the level of detectability. Tail Section 3 was chosen as the target area. 


mg/kg) of magnetically targeted doxorubicin and a 100- 
fold higher free intravenous dose are examined with re- 
spect to the target and whole body distribution. 


EXPERIMENTAL 


Preparation of Microspheres-The synthesis and characterization 
of magnetic microspheres bearing doxorubicin hydrochloride1 were de- 
scribed previously (7). The emulsion polymerization method was carried 
out as follows. An aqueous solution was prepared containing 250 mg of 
human serum albumin2, 32 mg of bulk, purified, lactose-free doxorubicin 
hydrochloride, 72 mg of magnetite3, and 0.028 mCi of 12sI-labeled bovine 
serum albumin4 in 1 ml of distilled water. A 0.5-ml aliquot of this sus- 
pension was homogenized with 30 ml of cottonseed oils by sonicatiod 
(100 w) for 1 min at 4'. The homogenate then was added dropwise to 100 
ml of stirred (1600 rpm) cottonseed oil, which was preheated to 145'. 


After 10 min of heating, the microspheres were washed free of the oil 
by centrifugation in anhydrous ether. After three washes, the ether was 
removed and the microspheres were stored in the dark at 4' until time 
of use. Prior to injection, the microspheres were resuspended in 0.1% 
polysorbate 80-saline7 and washed once by centrifugation to remove any 
surface adherent drug. The microspheres contained 26.4 pg of doxoru- 
bicin/mg of microspheres and had a specific activity of 33,100 cpm/mg 
after suspension. 


Animal Model-Female Sprague-Dawley rats, 300 g, were anesthe- 
tized with methoxyflurane, and the ventral caudal artery at  the base of 
the tail was exposed for catheterization as described previously (6). The 
femoral vein was used for intravenous administration. The tail was de- 
marcated into four equal sections, with Section 1 being proximal and 
Section 4 being the most distal. Tail Section 3 was the target site and was 
placed between the poles of a bipolar magnets. The magnet exerted a field 
of 8000 Oe with a gradient of f 4  kOe within Section 3, and minimal or 
no magnetic fields were detected in adjacent segments. 


A dose of 0.05 mg of doxorubicinkg encapsulated in microspheres was 
infused in the ventral caudal artery in Section 1 at  0.6 ml/min by a con- 
stant-flow syringe pumpg. The magnetic field a t  the target site was left 
in position for 5,15,30, or 60 min, after which the animal was immediately 
sacrificed by intracardiac injection of saturated potassium chloride. 
Control infusions consisted of 0.05 mg of free doxorubicinkg uia the 
caudal artery and 5.0 mg of free doxorubicinkg iv, after which the animals 
were sacrificed at  the cited time intervals in the manner described. 


Tissue AnalysisTissue extraction of doxorubicin was accomplished 
by a modification of a literature method (9). At  the selected times, animals 
were dissected rapidly; the heart, liver, lungs, kidneys, spleen, and the 
four separate tail sections were frozen immediately at -60'. The excised 
organs and tail sections were examined for microsphere content by de- 
termining iodine 125 activity in a well-type y-counter'O. Two animals 
were used for each time point. 


The organs were weighed and homogenizedll in a 5% HC1 solution in 
ethanol at 4' for 2 min. However, the tail skin sections were treated 
overnight in 0.5 N acetic acid at 4' to facilitate collagen solubilization 


Adriam cin, Adria Laboratories. 
Sigma (!hemica1 Co. 
Ferrosoferric oxide (FeaO4) in aqueous suspension (MO-I), Ferrofluidics 


Specific activity of 1.51 mCi/mg, New England Nuclear. 
Sargent-Welch. 
Branson sonifier model 185. 
Tween 80 (Sigma Chemical Co.) in 0.154 N NaCl. 


*No. 70,752, Edmund Scientific. 
Model 341, Sage Instruments. 


Corp. 


10 Packard model 578. 
11 Sorvall Omni-Mixer. 


and subsequent homogenization. Previous experiments showed that 
treatment of doxorubicin with 0.5 N acetic acid under these conditions 
did not significantly alter its fluorescence characteristics. The tissue 
homogenates were centrifugedI2 at  lO,OOOXg, and the supernates were 
examined for total fluorescence using a spectrophotofluorometer13. 


Since the 0.05-mgkg dose delivered in encapsulated form did not yield 
detectable drug concentrations in the individual organs, pooling of the 
organs was necessary. 


In addition, quick-frozen sections of the tail skin segments were ex- 
amined by fluorescence micro~copy'~ according to the method of Egorin 
et al. (10). The characteristic orange-red fluorescence of doxorubicin in 
and surrounding small arterioles and capillaries of the rat tail skin was 
evaluated. 


RESULTS AND DISCUSSION 


Table I shows the in uioo distribution of *2sI-labeled microspheres at 
different times postinjection. Tail Section 3, the target area, contained 
a significantly higher concentration of microspheres than the surrounding 
tail segments. Moreover, in comparison to the liver and spleen, which are 
the normal sites for sequestration of particulate carriers, the target site 
had approximately a ninefold higher concentration of carrier. No dis- 
cernible carrier redistribution was noted over the time periods studied. 
This finding is significant in that analysis of drug distribution was not 
complicated by this variable. The usual time required for 50% clearance 
of nonmagnetic microspheres varied from 2 to 8 hr, depending on the 
extent of matrix stabilization (11,lZ). 


The determination of doxorubicin content in the individual organs was 
not possible for the 0.05-mg/kg dose in either the free or encapsulated 
form because of the low levels attained after systemic distribution. 
However, the 5.0-mg/kg free dose showed individual organ values in 
agreement with values reported previously (13). Pooling of the individual 
organs of low-dose-treated animals still yielded barely detectable levels 
of doxorubicin but permitted a comparison between the 0.05- and 5- 
mg/kg doses. 


Figure 1 shows the amount of doxorubicin found at 5 and 60 rnin 
postinjection in the 0.05-mgkg carrier-delivered dose versus the free 
5-mgkg iv dose. Microsphere-delivered doxorubicin resulted in a target 
site concentration of 4.2 pgof doxorubicin/g of tissue at 5 min, which 
decreased to 3.7 pg/g at 60 min. In comparison, the 100-fold higher dose 
of 5 mg/kg resulted in a tissue concentration of 6,2 pg/g at the target site 
a t  5 min, after which it rapidly decreased to only 1.8 pg/g at  60 min. In- 
termediate values between 5 and 60 min decreased in nonlinear 
fashion. 


The rapid plasma disappearance of free doxorubicin is in agreement 
with current concepts of doxorubicin kinetics. Doxorubicin plasma decay 
curves follow a three-phase pattern (14). The half-life of the first phase 
is -10 min and represents rapid tissue uptake. The other two phases 
represent redistribution and metabolism and vary from species to species 
(15). 


Figure 1 also compares concentrations of free doxorubicin and mag- 
netically localized low-dose doxorubicin in the pooled organs. Essentially 
nondetectable levels of doxorubicin were present in the pooled organs 
with the low carrier-delivered dose at  both 5 and 60 min postinjection, 
whereas the free dose showed 15 and 8 pg/g at 5 and 60 min, respectively. 
With respect to correlating drug distribution with carrier distribution, 
the theoretically predicted doxorubicin concentration at the target site, 
based on iodine 125 counts of the carrier, is 3.5 pg of doxorubicin/g at 60 


l2 Sorvall RC-ZB. 
13 Aminco SPF-125s (excitation at 470 nm, and emission at 586 nm). 
l4 Leitz Ortholux microscope with KP490 excitation and K530 barrier filters. 
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rapid cellular uptake of doxorubicin that occurs as early as 0.5 min 
postinjection (10) should facilitate its diffusion into the cells once i t  is 
released from the microspheres. 


In conclusion, magnetic targeting of chemotherapeutic agents to known 
sites of disease should be feasible with many currently available antitu- 
mor agents. As late as 60 min postinjection, 1% of a free intravenous dose 
of doxorubicin magnetically localized resulted in almost twice the local 
tissue concentration than was achieved by a 100-fold higher intravenous 
dose. The bioavailability of the localized drug is currently under inves- 
tigation in a tumor model system. 
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Figure 1-Doxorubicin tissue concentration was determined spectro- 
photofluorometrically after infusion of either 5 mg of free doxorubi- 
cinlkg io (0) or 0.05 mg of doxorubicinlkg encapsulated in magnetic 
microspheres via the caudal artery (m). Each value represents the au- 
erage of two animals. 


min whereas the actual value found by spectrophotofluorometric methods 
was 3.7 pg/g. 


The doxorubicin assay employed in these experiments was limited to 
determining the total tissue fluorescence. Adriamycinol, an active me- 
tabolite, accounts for a percentage of the total fluorescence. However, 
this metabolite, which is produced by the action of an ubiquitous intra- 
cellular aldo-keto oxidoreductase, is minimally active in rats in com- 
parison to humans or monkeys (15). The magnetic sequestration of car- 
rier-delivered doxorubicin from systemic circulation thus could be ben- 
eficial in eliminating many of the known acute and chronic toxic side 
effects. Although the data indicate a good correlation between carrier 
and drug distribution, the question of bioavailability of carrier-delivered 
doxorubicin has yet to be determined in a tumor model test system. 
However, analysis in situ by fluorescence microscopy of the microspheres 
30 min postinjection a t  the target site suggested a radial diffusion of 
doxorubicin from the microspheres into the surrounding tissues. The 
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Abstract 0 The release characteristics of potassium chloride were 
studied when it was coated with a selection of polymers; from the results 
obtained, a suitable batch was microencapsulated using a gelatin-gum 
arabic coacervate system. The microencapsulated product offers better 
controlled release for this drug when compared to standard tablet and 
powder forms. 


Keyphrases Potassium chloride-preparation and release charac- 
teristics of microcapsules Polymers-various polymers and waxes in- 
vestigated for microencapsulation of potassium chloride 0 Microen- 
capsulation-symposium, preparation and release characteristics of 
potassium chloride microcapsules Drug release-potassium chloride 
microcapsules, preparation and release characteristics 


The satisfactory control of drugs in tablet or powder 
form from protective membranes is often difficult to 


achieve (1, 2). The present work investigated the mi- 
croencapsulation of a material that is usually given in a 
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Table I-Lidocaine GLC Assay Precision with Column Oven 
Temperature Programming 


Actual Plasma Lidocaine Measured Lidocaine 
Concentration, pg/ml Concentration. fig/ml 


4.00 ~ ~~ 


1.62 
0.16 
0.08 
0.04 


4.01 f 0.13 (21)= 
1.61 f 0.04 (15) 
0.17 f 0.01 (15) 
0.08 f 0.01 (18) 
0.04 f 0.002 (14) 


0 Mean f SE (n). 


temperature programming modification, plasma lidocaine concentrations 
as low as 30 ng/ml can be measured. The retention times for lidocaine and 
mepivacaine (internal standard) are 6.0 and 7.1 min, respectively. 


Calibration Curve-Calibration curves were constructed with the 
ratio of lidocaine-mepivacaine peak heights plotted along the ordinate 
and the lidocaine concentration plotted along the abscissa. Initially, 
curves were developed by spiking blank plasma with 0.03,0.08,0.16,0.40, 
0.80,1.60,4.0, and 8.0 pg of lidocaine/ml and analyzing the samples as 
described. Calibration data were fit to a single straight line using a 
least-squares regression6 with r = 0.994. Despite the apparent fit, the 
calculated regression line did not coincide adequately with the observed 
peak height ratios for low lidocaine concentrations. Instead, the cali- 
bration curves were described best by two straight lines: one for lidocaine 
concentrations above 0.8 pg/ml and another for concentrations below 0.8 
d m l .  


The calculated correlation coefficients and equations were r = 0.994, 
ratio = 2.121 [lidocaine concentration (pg/ml)] - 1.04 for the upper range, 
and r = 0.999, ratio = 1.149 [lidocaine concentration (pg/ml)] + 0.05 for 
the lower range. Curves prepared from aqueous standards (same proce- 
dure but without the first two centrifugations) were the same as those 
using plasma standards; therefore, aqueous standards were used for daily 
calibration. 


Precision-Assay precision was evaluated by analyzing multiple 
plasma samples spiked with 0.04, 0.08, 0.16, 1.62, or 4.00 pg of lido- 


6 TI Program ST 1-06, Texas Instruments Inc., Dallas, Tex. 


COMMUNICA TlONS 


caine/ml (Table I). Over this concentration range, assay precision was 
quite satisfactory. 


Interference-Neither the monoethylglycinexylidide or glycinexy- 
lidide lidocaine metabolites nor any of the tested drugs produced inter- 
fering peaks or alterations in the lidocaine-mepivacaine (internal stan- 
dard) peak height ratios with this method. Meperidine (1 pg/ml) gener- 
ated a sharp peak with a peak height almost 75% as large as the internal 
standard, but the meperidine peak (retention time of 5.1 min) eluted 
before the lidocaine and mepivacaine peaks and did not interfere with 
the lidocaine assay. 


Conclusions-The GLC lidocaine assay reported by Kline and Martin 
(10) is a simple and rapid method; however, the sensitivity is not adequate 
for many pharmacokinetic studies. Incorporating column oven temper- 
ature programming improved the assay sensitivity so that plasma lido- 
caine concentrations as low as 40 ng/ml could be measured readily. The 
modification retains the simplicity, speed, and sample capacity of the 
original method. 
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Specific Radioimmunoassay for Flunitrazepam 
~~~~~~ 


Keyphrases Flunitrazepam-quantitation by radioimmunoassay, 
compared with electron-capture GLC, human plasma 0 Radioimmu- 
noassay-quantitation of flunitrazepam, compared with electron-capture 
GLC, human plasma Hypnotic agents-flunitrazepam, quantitation 
by radioimmunoassay, human plasma 


To the Editor: 
Flunitrazepaml [5-( 2-fluorophenyl) - 1,3-dihydro- 1 - 


methyl-7-nitr0-2€€-1,4-benzodiazepin-2-one, I], a benzo- 
diazepine derivative, is clinically effective as a hypnotic 
when administered orally in the 0.5-2-mg dose range and 
may be administered parenterally, usually in combination 
with other drugs, for the induction of anesthesia (1, 2). 
Flunitrazepam has been marketed for several years in 


Europe and is presently under clinical evaluation in the 
United States. 


In humans, I is completely metabolized; apart from in- 
tact I, the major metabolites found in plasma are the N- 
desmethyl and 7-amino derivatives (3). However, intact 
I is primarily responsible for the hypnotic activity of the 
drug (3) and has a half-life of 20-36 hr on chronic admin- 
istration (4,5). 


Electron-capture GLC has been the method of choice 


l Rohypnol, Hoffmann-La Roche. I 
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for the determination of the low nanogram concentrations 
of I in plasma following administration of therapeutic 
doses to humans (6, 7). However, none of the reported 
procedures can approach the simplicity, sensitivity, and 
speed of radioimmunoassay. We now report a specific and 
sensitive radioimmunoassay for I that permits its quan- 
titation directly in plasma or blood. 


To obtain antibodies to I ,  an immunogen first was pre- 
pared by covalently coupling 3-hemisuccinyloxyfluni- 
trazepam to bovine serum albumin using the mixed an- 
hydride procedure of Erlanger et al. (8). The resulting 
conjugate consisted of 18 moles of the hapten coupled to 
1 mole of albumin. Rabbits were immunized intradennally, 
and the antiserum with the highest titer (1:3000 dilution) 
of antibodies to I was used. 


The radioligand used for the assay was [methyL3H]- 
flunitrazepam2 with a specific activity of 87.5 Ci/mmole. 
Prior to use, radiolabeled I was purified by TLC on silica 
gel with chloroform-acetone (4:l) as the solvent system. 


The radioimmunoassay was carried out in a manner 
identical to that described recently for diazepam (9). A 
logit-log calibration curve for I was linear from 15 to lo00 
pg/tube; thus, a working limit of sensitivity of 0.15 ng/ml 
was obtained using 0.1 ml of plasma. This value represents 
about a fivefold increase in sensitivity compared to elec- 
tron-capture GLC techniques. However, for routine 
analysis of plasma and blood from subjects receiving 
chronic therapeutic doses of I ,  such sensitivity is unnec- 
essary and a 10-pl sample is more appropriate for analysis. 
The intra- and interassay coefficients of variation did not 
exceed 10% over a range of 1.65-10 ng of I/ml in a selection 
of random clinical samples. 


The antiserum specificity was determined initially by 
its cross-reactivity with the known metabolites of I present 
in blood and with the benzodiazepine drugs, diazepam, 
N-desmethyldiazepam, flurazepam, and nitrazepam. For 
each compound tested, cross-reactivity was <1% relative 
to I (100%); this finding demonstrated that the l-methyl, 
7-nitro, and 2’-fluoro groups on the hapten were potent 
antigenic determinants and indicated that the antiserum 
was highly specific for I .  


Further evidence for the specificity of the radioimmu- 
noassay procedure was obtained by comparison with an 
electron-capture GLC method (7). The joint determina- 
tions for I in 20 plasma and 12 whole blood samples from 
subjects who received a 2-mg dose of the drug were 
subjected to linear regression analysis by a method that 
takes into account differences in the precision of both 
analytical procedures (10). The correlation coefficient, 
regression line slope, and y-intercept were 0.98,0.93, and 
0.13, respectively, over a range of 0.5-18 ng/ml. Further- 
more, the two groups of data were not significantly dif- 
ferent (p > 0.05) using a t test. These statistical parameters 
indicate that the radioimmunoassay and electron-capture 
GLC methods yield equivalent results. 
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Calcium Binding by Arteriographic 
Contrast Media 


Keyphraaes Arteriographic contrast media-calcium binding, effect 
of additives in media on calcium binding in vitro 0 Calcium-binding 
in plasma by arteriographic contrast media, effect of additives in media 


Diatrizoate meglumine sodium-arteriographic contrast medium, 
effect on calcium binding o Binding-calcium to ionic arteriographic 
contrast media, effect of additives 


To the Editor: 
Selective coronary arteriography with common ionic 


contrast media is associated with a decrease of myocardial 
force, which was suggested to be due to decreased ionized 
calcium levels in the blood perfusing the myocardium (1, 
2). This depressant action has been attributed exclusively 
to the potent calcium-binding ligands added to contrast 
media for anticoagulation, stabilization, and buffering 
(1-3). The calcium-binding properties of contrast media 
have not yet been reported. 


To investigate the basis for the reduction of ionized 
calcium levels, fixed quantities of diluted contrast media 
were titrated with increasing amounts of calcium chloride 
in uitro. The following contrast media were evaluated: 
ioxaglate meglumine sodium’ (59% sodium and methyl- 
glucamine N-(2-hydroxyethyl)-2,4,6-triiodo-5-(2-[2,4,6- 
triiodo - 3 - (N - methylacetamido) - 5 - (methylcarbony1)- 
benzamido]acetamido) isophthalamic acid, I ) ,  lysine dia- 
trizoate2 [80% L-lysine 3,5-bis(acetamido)-2,4,6-tri- 
iodobenzoate, 111, diatrizoate meglumine sodium3 [76% 
sodium and methylglucamine 3,5-bis(acetamido)-2,4,6- 
triiodobenzoate, 1111, and diatrizoate meglumine sodium4 
with 0.32% sodium citrate and 0.04% edetate disodium 
[ (ethylenedinitri1o)tetraacetic acid disodium salt] (IV). 


~~~ ~ ~ 


Hexabrix, Byk Gulden, Konstanz, West Germany. 


Jrografin-76, Schering AG, Berlin/Bergkamen, West Germany. 


* Peritrast-400, Dr. Franz K6hler Chemie, Alsbach, Bergstrasse, West Ger- 


‘ Renografin-76, Squibb, Princeton, N.J. 
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to explain the influence of several factors, such as the bulk solution pH, 
solubility, and diffusivity, on the dissolution rate of the acids. 
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Abstract The dissolution behavior of 2-naphthoic acid from rotating 
compressed disks into aqueous buffered solutions of constant ionic 
strength ( p  = 0.5 with potassium chloride) at 25’ was investigated. A 
model was developed for the flux of a solid monoprotic carboxylic acid 
in aqueous buffered solutions as a function of the solution pH and the 
physicochemical properties of the buffer. The model assumes a diffusion 
layer-controlled mass transport process and a simple, instantaneously 
established reaction equilibrium between all reactive species (acids and 
bases) across the diffusion layer. Using intrinsic solubilities, pKa values, 
and diffusion coefficients, the model accurately predicts the dissolution 


of 2-naphthoic acid as a function of the bulk solution composition. The 
concentration profiles of all species across the diffusion layer are gener- 
ated for each buffer concentration and bulk solution pH, including the 
pH profile within the microclimate of the diffusion layer and the pH at  
the solid-solution boundary. 


Keyphrases 0 Carboxylic acids-dissolution kinetics, effect of buffers 
Dissolution kinetics-carboxylic acids, effect of buffers 0 Buffers- 


effect on dissolution kinetics of carboxylic acids 


The objective of this investigation was to determine 
experimentally the effect of buffers on the dissolution of 
2-naphthoic acid from a constant surface area pellet under 


controlled ionic strength (p = 0.5 with potassium chloride), 
temperature ( 2 5 O ) ,  and pH conditions (pH-stat). A model, 
an extension of one described previously (l), also was de- 
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veloped that predicts the effects of solution pH and the 
physicochemical properties of the buffer on the dissolution 
of this monoprotic carboxylic acid. The model adequately 
predicts fluxes and the concentration profiles of all species 
within a postulated diffusion layer as a function of the bulk 
solution pH (pHbulk) and the total buffer concentration. 
The results emphasize the importance of the buffer base 
concentration and the pKa value of the conjugate acid of 
the buffer on dissolution rates, but they deemphasize the 
direct involvement and importance of pHhulk. 


Alkaline compounds or buffers have been included in 
commercial tablet formulations of several acidic drugs that 
undergo dissolution rate-limited absorption from con- 
ventional tablets. The concept embodied in these buffered 
formulations is the prevention of GI irritation caused by 
some acidic drugs and/or the provision of a basic pH mi- 
croenvironment within the diffusion layer around the 
dissolving acid particles to promote dissolution (2-4). 
Nelson (5, 6) first approached the rationale for buffered 
tablet formulations when he measured the dissolution 
rates of several solid acidic drugs in aqueous media con- 
taining various buffers a t  several pH values. The mecha- 
nism of this process was studied in detail by Higuchi and 
coworkers (7, 8). The results presented here support the 
use of buffered dosage forms to promote the dissolution 
of poorly soluble carboxylic acids. 


THEORETICAL 
A model for the dissolution of an acid into an aqueous buffered medium 


should consider not only the diffusion layer reaction of the acid with water 
and hydroxide ion but also the reaction of the acid with the base com- 
ponent of the buffer, Hence, the number of possible chemical reactions 
that occur in the diffusion layer is increased because the buffer consists 
of a conjugate acid-base pair, which is assumed to be in rapid equilibrium 
with the other reactants and products. 


It is assumed that the addition of buffer to the bulk solution does not 
change the constraints and assumptions of the previously described 
model (I), i.e., that the dissolution of the acid (HA) into the aqueous 
buffer solution occurs uia a diffusion layer-controlled process across a 
boundary layer of thickness h as defined by the Levich rotating-disk 
model (9). A constant diffusion layer thickness, calculated on the basis 
of the diffusivity of the acid ( D H A )  and regardless of the diffusivities of 
other species, is assumed. The limitations of this assumption were dis- 
cussed earlier (1). 


Within this boundary layer, all concentration gradients of the reactants 
and products exist as a result of diffusion and instantaneous chemical 
reaction between the dissolving solute and the incoming base from the 
bulk solution. The concentration of undissociated carboxylic acid at  the 
solid-liquid surface ( X  = 0, where X is the distance from the solid-liquid 
interface) always is defined by the intrinsic solubility of the acid [HA]o. 
The bulk solution is regarded as a homogeneous mixture with no con- 
centration gradients, and initial rates are assumed. 


An additional experimental constraint is that the buffering compounds 
considered contain only one ionizable group. Pylyprotic or polybasic 
compounds also may be considered in the model; however, they obviously 
would complicate the situation. 


Figure 1 is a schematic diagram of this system. Hydroxide ion (OH-) 
and the buffer base (B) may diffuse into the diffusion layer from the bulk 
solution and react with the carhoxylic acid (HA) which is diffusing out. 
The products, also diffusing out, are the conjugate acid of the buffer (BH+), 
the acid anion (A-), and the hydrogen ion (H+). The water concentration 
is ignored since its concentration does not change significantly as a result 
of these reactions. 


Consider the chemical reactions within the diffusion layer as shown 
by Fig. 1 (Schemes I-VI). 


H+ + OH- + H20 
Scheme I 


HASH+ + A- 
Scheme II 


- Diffn. Layer 4 +Bulk S o l n . 4  I 


X ' O  - x--> x = h  
Figure 1-Diagrammatic representation of a solid carboxylic acid, HA,  
dissolving into a reactive medium containing hydroxide ion and buffer 
components B and BH+ with a Nernst diffusion layer existing between 
the solid and the bulk solution. Sink conditions exist in the bulk solu- 
tion, and the products, BH+, A - ,  and H + ,  diffuse out of the diffusion 
layer at a rate determined by their chemical reactiuity and diffu- 
sivity. 


HA + OH- 5 H z 0  + A- 
Scheme I I I  


HA + B SBH+ + A- 
Scheme IV 


BH+ +H+ + B 
Scheme V 


BH+ + OH- S H z O  + B 
Scheme VI 


K." 


These equilibria are described by: 


K,  = [H+][OH-] 


For the diffusion and simultaneous chemical reaction of the individual 
species a t  steady state within the diffusion layer, Fick's laws may be ap- 
plied to  each species as discussed previously (1). Therefore: 


h2[BH+] -- - DBH -+ 66 = 0 
6[BH+] 


6t  6x2  
(Eq. 12) 
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where [N] represents the concentration of species N,  t is time, X is dis- 
tance, and DN is the diffusivity of species N. Each equation states that 
the rate of change in the concentration of N with respect to time in the 
diffusion layer (here it is zero since steady-state conditions are assumed) 
is composed of a diffusional term (Fick's second law) and a chemical re- 
action term for the species N. 


By observing which species react together to form particular products, 
a comprehensive set of species balance equations accounting for the 
chemical reaction may be established. Whenever a change in the flux of 
one species occurs due to a chemical reaction within the film, it also must 
be reflected by corresponding changes in the reactants and products as 
defined by the equilibria in Schemes I-VI. From these relationships, the 
following diffusion layer mass balance can be written: 


A(flux OH- in) + A(flux B in) = A(flux HA out) 
+ A(flux H+ out) (Eq. 13) 


Equation 13 states that the rates of change of the flux of reactants into 
the film, OH- and B, must equal those of the reactants coming out of the 
film, HA and H+; BH+ and A- are considered because any changes in B 
or HA will reflect changes in their conjugate species. Therefore: 


From species balance considerations, the chemical reaction terms $1, 


$4 + $5 = $1 + 93 (Eq. 15) 


Any change in HA and B due to reaction automatically represents a 
change in their conjugate species, A- and BH+. This is represented 
by: 


$3, $4, and $5 from Eqs. 7-12 are represented by: 


(Eq. 16) 


(Eq. 17) 


Therefore, b1 = -62 and $5 = -66. 


When integrated with respect to X, they yield 
Equations 14,16, and 17 are three second-order differential equations. 


(Eq. 19) 


(Eq. 20) 


where CI, C2, and C3 are constants of integration. If mass balance con- 
siderations are included, simplification of Eqs. 18-20 is possible because 
A- is a product of the reaction between HA and the combination of B, 
OH-, and H20. Howeve'r, B and OH- also react with H+ in the diffusion 
layer. Therefore, the following identities result 


1 (flux of reactants in) = (flux A- out) - (flux H+ out) (Eq. 21) 


or: 


(flux of reactants in) = + DB g) (Eq. 22) d X  
Remembering that fluxes into the film have positive slopes and t h a t  


flux A- out = - DA- ( dK1) 
and: 


f luxH+out=-  DH- ( dE1) 
(Eq. 23) 


(Eq. 24) 


yields: 


From Eqs. 18 and 19, it can be seen that consistency is preserved only 
when Cz = C1. Therefore, Eq. 19 becomes: 


(Eq. 26) 


Further simplification may be made by substituting Eq. 20 into Eq. 
18 and rearranging: 


- DH - dW+I - DBH- d[BH+l (Eq. 27) 
dX dX 


Equation 26 is substituted into Eq. 27 to obtain: 
d[OH-] d[H+] d[BH+] - PA %) t DOH - - DH - dX - D B H 7 + C 3  


d X  
(Eq. 28) 


Consider the reactions involving A- SeDaratelv. For the reaction shown 
in Scheme VII (Equilibrium a): 


HA + H20 =-= A- + H30+ (where H30+ = H+) 
Scheme Vl l  


(flux A- out). = (flux H+ out) 


or: 


For the reaction shown in Scheme I11 (Equilibrium b): 


(flux A- 0Ut )b  = (flux OH- in) 


or: 


For the reaction shown in Scheme IV (Equilibrium c): 


(flux A- out), = (flux BH+ out) 


or: 


Hence, summing up the contributions of the three equilibria (a-c) in 
the diffusion layer: 


d[OH-] d[H+] d[BH+] x- O A F )  3 DOH-- dX DH-- d X  DBH - dX 


(Eq. 35) 


By comparing Eq. 35 to Eq. 28, it is seen that Ca = 0. Equation 20 now 
becomes: 


(Eq. 36) 


By integrating Eqs. 18, 26, and 36, linear equations are obtained in 
X: 


DHA[HA] = DOHIOH-] + De[B] - DH[H'] + c1x + Ti (Eq. 37) 


DHA[HA] = -DA[A-] 4- c1x + Tz 


DB[B] = -DBH[BH+] + T3 


(Eq. 38) 


(Eq. 39) 


Application of Boundary Conditions-To evaluate Eqs. 37-39, the 


A t X = Q  


where TI, Tz, and 2'3 are additional constants of integration. 


following boundary conditions must be applied. 


[HA] = [HA10 (known) 
[A-] = [A-]o (unknown) 
[H+] = [H+]o (unknown) 


[OH-] = [OH-]o (unknown) 
[B] = [B]o (unknown) 


[BH+] = [BH+]o (unknown) 


AtX = h: 


[HA] = [HA]h = 0 
[A-] = [A-]h N 0 
[H+] = [H+]h (given) 
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therefore, is the negative of the total acid flux at  X = 0 or the acid dis- 
solution rate: 


[OH-] = [OH-]h (given) 
[Bl = [Blh (given) 


[BH+] = [BH+]h (given) 


Both [HA]h and [A-]h are zero under sink conditions. Other terms (Cl, 
TI, TO, and 7'3) are unknown. Applying the boundary conditions to Eqs. 
37-39 at  X = 0 results in: 


DoH[OH-]O + DB[B]o - DH[H+]o + TI (Eq. 40) DHA[HA]o 


DHAIHAIo -DA[A-]o + T3 (Eq. 41) 


(Eq. 42) DB[B]o = -DBH[BH+] + T3 


and a t  X = h: 


D H [ H + ] ~  = Do~[oH-]h + Dg[B]h + Cih Ti (Eq. 43) 


C1h = -T2 (Eq. 44) 


0%. 45) 
There are nine unknowns in these equations, providing that [HA]o, the 


diffusivities of all species, and h are known. To calculate the unknowns, 
three more equations are required. These are provided by the equilibrium 
constants given in Eqs. 1,2, and 5. 


There are now nine equations and nine unknowns. Successive substi- 
tution may be used to reduce these equations to one equation where a 
single unknown may be solved for. A brief summary for the solution of 
[H+]o is given here. 


DHAIHAIo = Do~([oH-]o - [OH-Ih) + DB([BIO - [Blh) 


D B [ B ] ~  = -DBH[BH+]~ + T3 


Equation 43 is subtracted from Eq. 40 to give: 


+ DH([H+]~ - [H+]o) - Cih (Eq. 46) 


Equation 46 was derived to eliminate TI. Now [A-]o is substituted for 
in Eq. 41 using Eq. 2, and T2 is eliminated by using Eq. 44: 


(Eq. 47) 


Equation 47 may now be equated to Eq. 46 to cancel Clh. Substituting 
for [OH-]o also results in: 


Equation 50 may be used to substitute for [B]o in Eq. 48 and, hence, 
reduce it to one with a single unknown, [H+]o. After cross-multiplication 
and rearrangemenk 


P [ H + ] ~  + q[H+]a + r[H+]o + s = 0 (Eq. 51) 
where: 


P = DHDBH 
Q = DHD&z + &Ha 
r = 
s = -DAD&$KZ[HA]O - DoHK,K:DB 


b = DB[B]~ DBH[BH+]~ (also = T3) 


- b )  - D & J H K ~ ~ [ H A ] o  - DOHDBHK~ 


a = DoH[OH-]~ -+ DB[B]~ - DH[H+]~ 


Equation 51 may be solved by the method of Newton (10). Thus, for 
any given conditions in the bulk solution of [H+)h, [OH-Ih, [B]h, and 
[BH+]h, [H+]o may be determined. Once this value is obtained, the other 
unknowns may be successively calculated from the preceding equations. 
Equation 51, together with its related questions, may be solved readily 
using a digital computer'. 


Expression for the Total Acid Flux-Equation 46 may be rear- 
ranged to give an expression for the integration constant C1; C1 represents 
the negative sum of the individual fluxes across the diffusion layer and, 


or: 


C1 = - JbbI = +HA + JH + JOH + JB) (Eq. 53) 


where JN is the flux of species N. 
Therefore, by using the values of [H+]o, [B]o, and [OH-]o calculated 


from the preceding equations, the total flux of acid at  any bulk solution 
pH and buffer concentration also may be calculated. Again, this problem 
may be included in a comprehensive computer program' for application 
to various bulk solution pH and buffer concentrations. 


Evaluation of Concentration Profiles across Diffusion Layer- 
Using the Levich (9) diffusion layer thickness for a rotating disk, Eqs. 
37-39 may be solved simultaneously with Eqs. 1, 2, and 5 to give the 
concentrations of a particular species a t  any point, X,  in the diffusion 
layer. The substitutions required in reducing the numerous equations 
to one equation with a single unknown are similar to those already de- 
scribed, except that [HA] also must be expressed as a function of the given 
unknown solved. This may be done by using Eqs. 2 and 3 8  


Now [HA] can be substituted for Eq. 37 along with a similar expression 
for [B], which is derived from Eqs. 39 and 5: 


Equation 37 now reads: 


(Eq. 55) 


Since CI, Tz, and T3 atready are known for given bulk solution conditions 
and X is given, [H+] now is the only unknown. By algebraic rearrange- 
ment, cross-multiplication, and reduction, a quartic equation in [H+] 
results in the form of: 


A[H+]' + B[H+I3 + C[H+I2 + E[H+] + F = 0 (Eq. 57) 
where: 


A = DHn 
= n(T2 - Ti) + DHt 


c = DBDHAK~~(C~X + T2 - T3) - t(C1X + TI) - DoHKwn + D H ~  
E = -DOHKwt -p(CiX + Ti + T3) 


Equation 57 can be solved by using Newton's method (10). Having ob- 
tained [H+] a t  any point X in the film, the concentrations of the other 
species may be determined. If this calculation is performed at several 
points in the diffusion layer, then a concentration profile acrom this layer 
is described. 


8 


EXPERIMENTAL 


Materials-2-Naphthoic acid was from the same source as that used 
previously (1). Imidazole2, acetic acid3, sodium acetate3 (trihydrate), 
morpholine4, and potassium chloride3 were reagent grade and were used 
as supplied. Hydrochloric acid5 and sodium hydroxide5 were obtained 
as standardized 1.0 M solutions. 


Determination of Dissolution Rates-The apparatus for deter- 
mining the dissolution rates of 2-naphthoic acid was described previously 
(1). In each determination, the pH-stat was used to maintain the bulk 


Sigma Chemical Co., St. Louis, Mo. 
Mallinckrodt Chemicals. 


Fisher Scientific Co., Fair Lawn, N.J. 
Honeywell model 66/60. A copy of the procedure and program can be obtained 4 Matheson, Coleman and Bell. 


from V. J. Stella. 
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Table I-Experimental pKa Values, Estimated Percentage 
Purity,  and Literature Thermodynamic pKa Values for  
Imidazole, Morpholine, and  Acetic Acid 


pKa (fSD)" at  p pKa 
= 0.5 (Potassium (Thermo- 


Chloride) and 25" dynamic) a t  Estimated 
Compound (f0.10) 25' in Water Purity, % 


Imidazole 7.17 6.91 102.24 


Morpholine 8.75 8.7OC 97.92 
(fO.O1) 


(l t0.02~ 
Acetic acid 4.60 4.756 - 


The standard deviation from at least three determinations. * Obtained or es- 
timated from data in Ref. 11. From Ref. 12. 


Table 11-Estimated and Literature Values for the Diffusivities 
of Imidazole, Morpholine, and Acetic Acid, Used a s  Buffering 
Agents in the  Study of 2-Naphthoic Acid Dissolution at p = 0.5 
with Potassium Chloride and  25" 


~~~ 


Diffusivity, cm2/sec X lo6 
Molecular Literature 


Compound Weight Calculated" (Ref.) 


Imidazole 68 8.206 __ 
Morpholine 87 7.OOc - 


Acetic acid 79 8.84d 12.1' (14) 
12.0e (15) 
8.8f (16) 


Uaiiig dtokt., Kinstein equation I 1). I, I { \  direct comparison with 2.n~aI)hihm- 
i i t  id II+IIIK this Sictkei Ein-ttki tquatiatii A inlilaar volume of 87 ml/mde was used. 
a-riming the densiiv i t ,  he 1.0 at 25' d ,& molar volume of 38 3 ml/mole was used 
from Ref. 14 at 25' ' I.:xtmpolated t o  zero acetic acid concentration (pm = 0) at 
25" 111  water In water at 'LOo; other conditions not stipulated. 


solution pH using 0.01-0.1 M NaOH, regardless of the buffer capacity 
of the buffer solution used. 


When imidazole and morpholine were used as buffers, it was conve- 
nient to measure the absorbance of 2-naphthoic acid in the solution at  
281 nm rather than at  the more analytically sensitive region of 230-237 
nm because the absorbance of imidazole interfered in the latter range. 
Furthermore, dissolution became so rapid at high buffer concentrations 
that the absorbance of the resulting solution quickly exceeded the range 
obeying the Beer-Lambert law. In acetate buffers, measurement of the 
dissolution rate was performed at 231 or 281 nm, depending on the buffer 
concentration and the pH of the dissolution medium. 


In all cases, the media were adjusted to the same ionic strength ( p  = 
0.5) using potassium chloride. A wide range of total buffer concentrations 
was studied. Immediately prior to a dissolution run, the solution pH was 
accurately adjusted with concentrated hydrochloric acid or sodium hy- 
droxide, and the solution then was thermally equilibrated to 25' (k0.1'). 
In each case, the solution used for the dissolution served as its own ref- 
erence in the spectrophotometer. 


2-Naphthoic acid was chosen for the investigation of buffer effects 


because of its intermediate aqueous solubility in the three acids used 
previously (l) ,  its chemical stability, and its amenability to spectropho- 
tometric analysis. The disks of 2-naphthoic acid were prepared as de- 
scribed previously ( l ) ,  and all dissolution experiments were performed 
at disk rotation speeds of 450 rpm. Sink conditions were maintained 
throughout, as observed from the linear dissolution plots obtained. 


Determination of Buffer pKa Values-The pKa values of imidazole 
and morpholine were measured a t  = 0.5 (potassium chloride) and 25' 
(f0.1') using potentiometric titrimetry. The pKa value of acetic acid was 
obtained by estimation by the method of Butler (10). 


RESULTS AND DISCUSSION 


The pKa values of imidazole and morpholine determined experi- 
mentally, the thermodynamic pKa values, and the estimated purity of 
the titrated buffers are given in Table I together with the estimated pKa 
for acetic acid at  an ionic strength of 0.5. 


Diffusion Coefficients for  Various Species-Since the aqueous 
diffusion coefficients of the buffer species were not measured, literature 
values and estimations based on the Stokes-Einstein equation (1, 13) 
were used. They are summarized in Table 11. The literature diffusivities 
(where available) differed significantly from the calculated values a t  25'. 
The aqueous diffusivities of all weak electrolytes are strongly affected 
by the ionic strength of the solution and the concentration of the weak 
electrolyte itself. In the case of acetic acid, diffusivity values decline al- 
most linearly with an increase in the acid concentration in the aqueous 
medium (14). Similar effects were noted on the diffusivity of ions in so- 
lutions of mixed electrolytes (17). Both phenomena are due to an alter- 
ation of the thermodynamic activity coefficient of the diffusant. Hence, 
the actual diffusivities of imidazole, morpholine, and acetic acid a t  p = 
0.5 (potassium chloride) and 25' in water are likely to be lower than those 
measured under the same conditions with p approaching zero (infinite 
dilution). For this reason, the diffusivities calculated from the Stokes- 
Einstein equation as described previously (1) were used since these values 
are lower than those quoted in the literature for diffusivity in water a t  
25'. 


Initial Dissolution Rate  of 2-Naphthoic Acid as a Function of 
Bulk Solution Buffer Concentration and  pH-The model discussed 
under Theoretical was tested over a wide range of bulk solution pH values 
and total buffer concentrations using acetic acid, imidazole, and mor- 
pholine buffers. Experimentally determined initial dissolution rates for 
2-naphthoic acid (Jobs)  are given in Tables 111-V together with the cor- 
responding interfacial pH (pHo) calculated from Eq. 51 and theoretical 
initial dissolution rates (J tbeor)  calculated from Eq. 52. Figures 2-4 show 
Jnh5 and Jtheor  uersus the total bulk solution buffer concentration for the 
three buffers used. 


The agreement between the observed and predicted initial dissolution 
rates was good over wide ranges of bulk solution buffer concentrations 
and pH bulk values for all three buffer systems. The data from the acetate 
buffers are of particular interest since the acetic acid pKa (4.60) is similar 
to that of 2-naphthoic acid (4.02) and, therefore, the equilibrium constant 
for the reaction between the two is relatively low ( K z  = 3.8). Thus, the 
degree of catalysis of the dissolution of 2-naphthoic acid by acetate anion 
diffusing into the aqueous diffusion layer and reacting with dissolving 
acid is expected to be relatively small compared to that resulting from 


Table 111-Comparison of t he  Observed (Jobs) and  Theoretical (Jtheor) Init ial  Dissolution Rates of 2-Naphthoic Acid in  Varying Bulk 
Solution Acetate Buffer Concentrations at DHh,,Ik 4.50.5.00. and 6.00 (u = 0.5 with Potassium Chloride and 25") a 


c Total Bulk PHbulk 4.50 PHbulk 5.00 PHbulk 6.00 
Solution JOh, Jtheor, Jobs, Jtheor, Jobs, Jtheor, 


Concentration moles/ moles/ moles/ moles/ moles/ moles/ 
of Acetate, cm2/sec cmzlsec cm2/sec cm2/sec cmzlsec cmZ/sec 


M x 109 x 109 PHo x 109 x 109 PHO x 109 x 109 PHo 


0.0 1.03 0.95 4.15 1.19 1.07 4.24 1.33 1.13 4.28 
0.00025 1.10 1.01 4.20 - 1.27 4.35 - 1.49 4.45 
0.0005 1.24 1.07 4.24 - 1.46 4.44 - 1 83 4.57 
0.001 1.39 1.17 4.30 - 1.75 4.54 - 2.41 4.72 
0.0025 1.41 1.32 4.38 2.50 2.32 4.70 3.74 3.67 4.93 
0.005 - 1.43 4.42 3.10 2.81 4.79 5.20 5.10 5.09 
0.01 1.63 1.51 4.46 3.45 3.27 4.87 7.11 7.07 5.24 
0.025 - 1.57 4.48 3.88 3.75 4.94 10.67 10.64 5.42 
0.05 - 1.60 4.49 4.16 3.97 4.97 13.52 14.17 5.55 
0.075 - 1.60 4.49 4.14 4.06 4.98 15.95 16.55 5.62 
0.10 1.70 1.61 4.50 4.10 4.11 4.98 18.53 18.23 5.67 


Jtheor was calculated from Eq. 52. The estimated interfacial pH (pHo) for each condition was determined from Eq. 51. The rates were measured from a disk rotating 
at 450 rpm. Each J o b  value is the mean from at least two runs. 
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Table IV-Comparison of the Observed (Jobs) and Theoretical (Jtheor! Initial Dissolution Rates of 2-Naphthoic Acid from a Disk 
Rotating at 450 rpm into Varying Bulk Solution Concentrations of Imidazole Buffer at pHbulk 6.00.7.00, and 8.00 ( p  = 0.5 with 
Potassium Chloride and 25') a 


Total Bulk PHbulk 6.00 pHbulk 7.00 PHbulk 8.00 
Solution Job, Jtheor, Jobs, Jtheor P theort 


Concentration moles/ moles/ moles/ moles/ moles/ moles/ 
of Imidazole, cm2/sec cm2/sec cm2/sec cm2/sec cmz/sec cmVsec 


M x 109 x 109 PHO x 109 x 109 PHo x 109 x 109 PHo 
0.0 1.33 1.13 4.28 1.38 1.14 4.28 1.36 1.15 4.29 
0.0001 - 1.14 4.28 1.58 1.23 4.33 - 1.35 4.39 
0.0005 - 1.20 4.31 2.31 1.66 4.51 - 2.47 4.73 
0.001 - 1.27 4.35 2.89 2.33 4.70 - 4.13 4.98 
0.005 - 1.98 4.61 9.84 8.50 5.32 20.84 17.80 5.65 
0.01 3.72 3.02 4.83 17.44 15.98 5.61 38.94 34.06 5.94 
0.015 - 4.06 4.98 24.87 23.02 5.77 - 49.43 6.10 
0.0175 - 4.57 5.03 - 26.39 5.83 62.55 56.81 6.16 
0.025 6.66 6.01 5.16 41.09 35.96 5.96 84.45 77.92 6.30 
0.0375 - 8.17 5.30 - 50.35 6.11 108.96 110.21 6.45 
0.04 - 8.57 5.33 56.51 53.03 6.13 - 116.30 6.48 
0.05 12.12 10.07 5.40 67.67 63.16 6.21 128.88 139.63 6.56 
0.0625 - 11.68 5.47 - 74.70 6.28 144.57 166.80 6.63 
0.075 14.32 13.22 5.52 99.44 85.19 6.34 162.57 192.13 6.70 
0.1 19.22 15.75 5.60 118.20 103.62 6.43 190.51 238.38 6.79 


a Jthsor was calculated from Eq. 52. The estimated interfacial pH (pH,,) for each condition was determined from Eq. 51. Each J o b  value is the mean from at least two 
runs. 


Table V-Comparison of the Observed (Jobs) and Theoretical (Jtheor) Initial Dissolution Rates of 2-Naphthoic Acid from a Disk 
Rotating a t  450 rpm into Varying Bulk Solution Concentrations of Morpholine Buffer at pHbulk 8.00 and 8.50 ( p  = 0.5 with Potassium 
Chloride and 25") 


Total Bulk 
Solution PHbulk 8.00 PHbulk 8.50 


Concentration Jobs, moles/ Jtheorr moles/ Jobs, moles/ Jtheorr moles/ 
of Morpholine, cm2/sec cm2/sec cm2/sec cm2/sec 


x 109 x 109 PHO x 109 x 109 PHO M 


0.0 
0.0001 
0.0005 
0.001 
0.005 
0.01 
0.025 
0.05 
0.075 
0.1 


1.38 
- 


- 
3.63 
5.78 


12.58 
27.24 
37.99 
51.08 


1.15 
1.17 
1.29 
1.46 
3.26 
5.82 


13.69 
26.80 
39.82 
53.11 


4.29 1.42 
4.30 - 
4.36 - 
4.44 - 
4.87 7.63 
5.15 14.49 
5.54 
5.83 
6.01 


~~ ~ 


34.30 
65.75 
93.28 


6.14 - 


1.16 
1.23 
1.55 
2.04 
6.86 


13.14 


4.29 
4.33 
4.47 
4.63 
5.22 
5.52 


32.16 5.91 
63.31 6.21 
94.36 6.39 


125.15 6.51 


Jthaar was calculated 
determinations. 


from Eq. 52. The estimated interfacial pH (pHo) for ' each condition 


comparable concentrations of stronger bases in the bulk solution. Thus, 
intuitively, the basicity and acidity of the respective reacting buffer base 
and dissolving acid should be important in determining the initial dis- 
solution rate, as evidenced by the presence of K t  and Kfl in the coeffi- 
cients of Eq. 51. 


A t  constant pHbulk, when the total buffer concentration in the bulk 
solution is increased, the maximum steady-state pH that can exist a t  the 
solid-liquid interface, pHo, is that where pHo equals pHbulk. This is 
confirmed by the data given in Table 111 for the acetate buffers at pHbulk 
4.50 and 5.00 since the calculated pHo values asymptotically approach 
the pHbulk values as the total concentration of acetate buffer in the bulk 
solution rises. 


The shape of the curves in Fig. 2 for the acetate buffers may be ex- 
plained by the Occurrence of a gradual change in controlling factors within 
the diffusion layer (which determine the 2-naphthoic acid dissolution 
rate) as the total bulk solution buffer concentration increases. When no 
buffer is present in the bulk solution and PHbulk is maintained only by 
the pH-stat, the intrinsic solubility of the acid and its degree of disso- 
ciation at the solid-liquid interface determine the dissolution rate (1). 
The degree of dissociation is determined by reaction with water and 
hydroxide ion in the diffusion layer, as is the total flux (1). 


Equation 52 expresses the total flux of the same acid when buffer is 
present in the bulk solution, and it includes an additional term to account 
for any buffer base species used up in the reaction with undissociated 
2-naphthoic acid, hydrogen ion, or water in the diffusion layer. As the 
buffer base concentration increases, the corresponding term for its flux 
across the diffusion layer in Eq. 52 becomes more significant than the 
other terms. Despite a decrease in the flux terms in [H+] and [OH-] of 
Eq. 52 as the effective difference in pH across the diffusion layer di- 


was determined from , 51. Each J o b  value is the mean ,from at least two 


minishes, the asymptotic fluxes observed in Fig. 2 a t  pHbulk 4.5 and 5.0 
occur because there always is a finite difference between the buffer base 
concentration across the diffusion layer. 


Eventually, the pH within the diffusion layer and pHo are controlled 
by the swamping effect of the buffer as it increases in concentration. 
Hence, the importance of the total buffer concentration in the bulk so- 
lution and the intrinsic solubility of the dissolving acid, [HA]o, in deter- 
mining the initial dissolution rate of that acid is seen. 


The asymptotic fluxes were observed experimentally only with the 
acetate system at  pHbulk 4.50 and 5.0, because the corresponding pHo 
values in the absence of buffer did not differ greatly from asymptotic 
values they must approach (k., pH0 4.50 and 5.00) with increasing bulk 
solution acetate concentration. As observed in Table 111, the relative 
increases in the dissolution rate in going from zero bulk solution acetate 
concentration to the asymptotic rate, given when pHo equals pHba, were 
factors of 1.7 and 3.8 for pHbulk 4.50 and 5.0, respectively. At  pHbulk 6.00, 
the total acetate concentration in the bulk solution must be much higher 
than that used experimentally for pHo to approach pHbulk. Therefore, 
the asymptotic flux of 2-naphthoic acid is not observed at  this pHbulk 
value. It should be emphasized that the shapes of these curves are highly 
dependent on the intrinsic solubility of the dissolving acid since this factor 
determines the sensitivity of the total flux to changes in the total bulk 
solution buffer concentration. 


Figures 3 and 4 and Tables IV and V report the observed and predicted 
dissolution rates of 2-naphthoic acid given by inclusion of imidazole and 
morpholine buffers in the bulk solution as a function of pHbulk and buffer 
concentration. Similar explanations for the shapes of the curves to those 
given for the acetate system may be made, taking into consideration the 
greater basicity of these compounds and their diffusivities. 
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Figure 2-Plot of the dissolution rate of 2-naphthoic acid from a solid 
disk rotating at  450 rpm into media of varying acetate buffer concen- 
trations and pHbulk [p = 0.5 (potassium chloride) a t  25'1. The pHbulk 
was maintained constant by a pH-stat using 0.01 N NaOH. The solid 
continuous lines represent &heor, and the symbols represent .Jobs from 
Table 111. Key: ., pHbulk 4.5; A, pHbulk  5.0; and @, pHbulk 6.00. 
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In view of the discussion of the shape of the plot of J versus buffer 
concentration in the bulk solution plot for pHbulk 6.00 acetate buffer, 
considerable concentrations of imidazole and morpholine buffers a t  
pHbulk 6-8.5 are required in the bulk solution to make pHo at  the 2- 
naphthoic solid-liquid interface equal to pHbulk. Hence, over normal 
buffer concentration ranges, the asymptotic dissolution rate of 2- 
naphthoic acid was not seen for these buffers a t  the pHbulk values 
studied. 


To illustrate this point, consider the dissolution rate of 2-naphthoic 
acid at  PHbulk 8.00 in the absence of imidazole or morpholine buffer. The 
pHo (Tables IV and V) is 4.29, and the total concentration of 2- 
naphthoate a t  X = 0 under these conditions may be calculated readily. 
The same calculation may be performed at pHo 8.00, &he condition re- 
quired for an asymptote, to give the corresponding total 2-naphthoate 
concentration at X = 0 when pHo and pHbulk are equal. The ratio of the 
two total concentrations of 2-naphthoate calculated to exist a t  X = 0 
directly represents the expected ratio of the dissolution rates under the 
same conditions. The ratio of the 2-naphthoic acid dissolution rate at pHo 
4.29 (zero buffer concentration) to that at pHo 8.00 (asymptotic case) is 
-3400. Hence, a t  pHbulk 8.00, the asymptotic dissolution rate would be 
-4.8 X mole/cm2/sec, showing that a considerable imidazole or 
morpholine bulk solution concentration must be used to obtain this 
condition. The solubility and pKa of the acid also play an important role 
in determining the conditions at the solid-liquid interface and, therefore, 
also contribute in determining when the asymptotic dissolution rate is 
reached for given pHbulk values and buffer solutions. 


The curvature seen in the flux uersus buffer concentration plots (Figs. 
2-4) shows that linear extrapolation of the dissolution rate data versus 
buffer concentration plots obtained a t  high bulk solution buffer con- 
centrations for a given pHbulk is likely to give erroneous buffer-inde- 
pendent dissolution data. This method has been used frequently (18,19) 


0 * 0.02 0.04 0.06 0.08 0.1 0.12 


TOTAL BULK IMIDAZOLE CONCENTRATION, M 
Figure 3-Plot of the dissolution rate of 2-naphthoic acid from a solid 
disk rotating a t  450 rpm into media of varying imidazole buffer con- 
centration and pHbulk [p = 0.5 (potassium chloride) at 25'1. The pHbulk 
was maintained constant by a pH-stat using 0.1 N NaOH. The solid 
continuous lines represent Jtheorr and the symbols represent the data 
from Tables IV-VI. Key: ., pHbulk  6.00; A, pHbulk 7.00; and @, PHbulk 
8.00. 


to obtain buffer-independent dissolution rates where no pH-stat is em- 
ployed and the buffer capacity of the buffer solutions is assumed to be 
large enough to resist changes in pHbulk during a dissolution experiment. 
Referring to the imidazole data in Fig. 3, a linear least-squares fit of the 
four highest experimental imidazole concentrations at  pHbulk 8.00 gives 
an extrapolated JO value of -6.4 X mole/cm2/sec, whereas the true 
JO value (as determined by the pH-stat alone) is 1.4 X moles/cm2/sec. 
Therefore, care should be taken in interpreting the intercept from ex- 
trapolated buffer dissolution data. 


Dissolution rates also measured at  the highest imidazole buffer con- 
centration (0.1 M) without the pH-stat system operating, but otherwise 


100 I 


X 


s- 


60 


20 


/ 


0 / 0.02 0.04 0.06 0.08 0.1 0.12 
TOTAL BULK MORPHOLINE CONCENTRATION, M 


Figure 4-Plot of the dissolution rate of 2-naphthoic acid from a solid 
disk rotating at  450 rpm into media of varying morpholine buffer con- 
centration and pHbulk  [p = 0.5 (potassium chloride) at 25'1. The pHbu& 
was maintained constant by a pH-stat using 0.1 N NaOH. The solid 
continuous lines represent Jtheor, and the symbols represent Jobs from 
Table VII.  Key: A, pHbulk 8.00; and a, p H b u l k  8.50. 
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Table VI-Concentration of Acetate Anion (Conjugate Buffer Base [Ac-]~, ) in the Bulk Solution and at the Solid-Liquid 
Interface ( [ A C - ] ~ )  with Increasing Total Acetate Buffer Concentration at pHbulk 6.0 and the Observed Flux (Job.) of 2-Naphthoic 
Acid from a Disk Rotating at 450 rpm in pH-Statted Media ( p  = 0.5 with Potassium Chloride and 25") 


Total Buffer [AC-lh, [Ac-lo", 
Concentration moles/cm3 moles/cm3 
of Acetate, M x 107 x 107 


~ ~~ _ _ _ _ _ ~  _____ 


Total Flux of 
[AC-]h - [Ac-lo, 2-Naphthoic Acid 
moles/cm3 x lo7 (Jobs), moles/cm2/sec X 109 PHO 


0.0 0.0 0.0 0.0 1.33 4.28 
0.001 9.62 5.70 3.92 - 4.72 
0.0025 24.00 17.00 7.00 3.74 4.93 
0.005 48.10 37.70 10.40 5.20 5.09 
0.01 96.20 81.30 14.90 7.10 5.24 
0.025 240.00 217.00 23.00 10.67 5.42 
0.05 481.00 450.00 31.00 13.52 5.55 
0.075 721.00 685.00 36.00 15.95 5.62 
0.1 962.00 922.00 40.00 18.53 5.67 


a Calculated from Eq. 50. The pHo value is as defined in the text. 


Table VII-Concentration of Free Imidazole Base ([Imlb) in the Bulk Solution and at the Solid-Liquid Interface ([Imlo) with 
Increasing Total Imidazole Bulk Solution Concentration at pHbulk 6.0 and the Observed Flux (Job)  of 2-Naphthoic Acid from a Disk 
Rotating at 450 rpm in a pH-Statted Aqueous Medium ( p  = 0.5 with Potassium Chloride and 25") 


Total Buffer [ W h ,  [Imloa, Total Flux of 
Concentration moles/cm3 moles/cm3 [Imlh - [Imlo, 2-Naphthoic Acid 


of Imidazole, M x 107 x 107 moles/cm3 x 107 (Jobs), moles/cm2/sec x 109 pHob 
0.0 
0.01 
0.025 
0.05 


0.0 
6.33 


15.80 
31.70 


0.0 
0.46 
2.43 
8.33 


0.0 
5.87 


13.37 
23.37 


1.33 
3.02 
6.01 


10.07 


4.28 
4.83 
5.16 
5.40 


0.075 47.50 16.50 31.00 13.21 5.52 
0.10 63.30 26.20 37.10 15.75 5.60 


a Calculated from Eq. 50. The pHo value is as defined in the text. 


as described previously at  pHbulk 7.00, did not differ significantly from 
those determined using the pH-stat with the same buffer solution. This 
finding was expected for solutions of high buffer capacity. However, in 
the non-pH-statted case, the pHbulk decreases as the buffer capacity of 
the dissolution media is exceeded due to dissolution of the acid. If this 
point is reached during a dissolution run, sink conditions may cease to 
exist in the bulk solution and the dissolution rate could fall accordingly 
(20). 


Influence of Basicity (K:) of Buffer Base on Acid Dissolution 
Rate-Tables VI and VII list the concentration of acetate anion and 
imidazole free base, respectively, as a function of the total buffer con- 
centration in the bulk solution at pHbulk 6.0. They also list the corre- 
sponding buffer base concentrations at  the solid-liquid interface (cal- 
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Figure 5-Plot of 2-naphthoic acid dissolution rate (J) versus buffer 
base concentration in the bulk solution for acetate (0) and imidazole 
(A) at pHbulk 6.00. The data were taken from Tables VI and VII. The 
symbols represent Joba, and the continuous line represents Jrheor (given 
in Tables III  and IV). 


culated from Eq. 50), the pHo (calculated from Eq. 511, the calculated 
buffer base concentration difference ([B]h - [B]o) across the diffusion 
layer, and the observed dissolution rate (Jobs) for 2-naphthoic acid. At  
a total buffer concentration of 0.01 M at  pHbulk 6.0 for acetate and im- 
idazole, the concentrations of buffer base in the bulk solution differ by 
a factor of -15, whereas the corresponding observed dissolution rates of 
2-naphthoic acid differ by a factor of only -2.5. If the comparison is ex- 
tended further to 0.1 M total buffer concentration, the difference in the 
bulk solution buffer base concentration remains the same, but the ob- 
served dissolution rates become approximately equal, as do the pHo 
values. 


These phenomena may be explained by the difference in the K t  value 
between the acetate anion and imidazole (a factor of -400). assuming that 
their diffusivities are approximately equal. Figure 5 shows the predicted 
and observed dissolution rates for 2-naphthoic acid as a function of the 
bulk buffer base concentration at pHbulk 6.00 for acetate and imidazole 
buffer solutions (taken from the data in Tables VI and VII). The effect 
of basicity in determining the extent of reaction with the dissolving acid 
and the proportion of buffer base in the bulk medium is observed clearly 
in Fig. 5 since imidazole has a much greater catalytic effect on the dis- 
solution rate of 2-naphthoic acid for the same bulk solution buffer base 
concentration than does acetate. It also should be stressed that the in- 
trinsic solubility of the dissolving acid and its Kf; are important in de- 
termining such profiles since these parameters play a significant role in 
describing the conditions at  the solid-liquid interface, as evidenced by 
their presence in the coefficients r and s of Eq. 51. 


An alternative way of representing the effect of the buffer base con- 


Table VIII-Regression and Correlation Data from Fig. 6 to 
Compute the Diffusivity (DB) of the Acetate Anion and 
Imidazole Free Base in Aqueous Solution ( p  = 0.5 with Potassium 
Chloride and 25") 


Buffer Data from Fig. 6 ( J  versus [B]h - [Blo) 
Solution InterceDt. 
a t  PHbulk She, moiesj D89 


6.00 cm/sec cm2/sec cm2/sec ra 


Acetate 4.3285 X 6.3683 X 8.61 X 0.9962 
Imidazole 4.0764 X 5.86 X 8.11 X 0.9999 


~~ ~ 


Correlation coefficient. 
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Table IX-Recalculated Data from Higuchi e t  al. (7) for Benzoic Acid Dissolving into Solutions of Sodium Acetate (with 0.75 M NaCI) 
at 25" when No pH-Stat Was Used 


Total Bulk Calculated" from 
JobsC, Jtheord, 


Calculatedn Calculatedb rnoleslcm2isec moleslcm2,'sec 
Acetate, M M x 109 PHbulk PHo x 107 x 107 


J* 
Solution 


Concentration of 


0.015 
0.05 
0.10 
0.15 
0.20 
0.25 


4.09 
2.24 
1.59 
1.29 
1.12 
1.00 


8.39 
8.65 
8.80 
8.88 
8.95 
8.99 


3.76 
4.19 
4.41 
4.54 
4.62 
4.69 


1.02 
1.75 
2.34 
2.82 
3.44 
3.82 


1.13 
1.79 
2.52 
3.11 
3.63 
4.09 


A roximate hydrogen-ion concentration for the salt of a weak acid; K, and K: are used as in the text, m is the total concentration of the salt, and pHbulk is calculated 
from /#+b. * Calculated pHo assuming that pH-stat conditions are maintained in the bulk solution (Eq. 51 was used with arameters determined for benzoic acid from 
Ref. 1 an acetate from Tables I and 11). c Calculated from data given in Ref. 7. Theoretical value using an equivalent Jffusion layer thickness, h = 2.82 X cm 
(1). 


centration in the bulk solution on the dissolution rate of 2-naphthoic acid 
is to plot Joba versus [B]h - [B]o, the difference in the buffer base con- 
centration across the diffusion layer created by the reaction therein. This 
plot is shown in Fig. 6 for the acetate and imidazole cases a t  pHbulk 6.00. 
The relationship between Job and [B]h - [B]o is approximately linear, 
as predicted by a modified form of Eq. 52: 


(Eq. 58) 


where the terms in [HA], [H+], and [OH-] represent a negligible contri- 
bution to the overall flux and may be grouped in the form of a constant. 
The slope of the plot of J versus [B]h - [B]o is DB/h, thus allowing D B  
to be calculated if h is known. The regression and correlation data for the 
acetate and imidazole buffers from Fig. 6 are given in Table VIII together 
with the calculated values of DB for both species in a solution with p = 
0.5 and at 25O. The DB values thus derived are not obtained entirely from 
experiment since the calculation of [B]o requires some estimate of the 
values of DB initially. However, close agreement is observed between 
assumed values (Table 11) and derived values Of  Dg (Fig. 6). Thus, con- 
sistency between theory and experiment is obtained under the conditions 
described, suggesting that the assumed value of DB is reasonable. 


Higuchi et al. (7) used different bases in the dissolution media of 
benzoic acid in a similar study to that described here. They did not control 
the PHbulk during the dissolution experiments apart from the natural 
buffer capacity exerted by the added bases. In the case of benzoic acid 
dissolving into solutions of varying sodium acetate concentration (with 
0.75 M NaCl as the added electrolyte and a temperature of 25O), the 
dissolution rate was given as a function of the acetate concentration. 


0 


0 10 20 30 40 50 
[Blh - [El,, moles/cm3 x 10' 


Figure &Plot of 2-naphthoic acid dissolution rate (J) versus buffer 
base concentration difference ([B]h - [B]d across the diffusion layer 
at steady state for acetate (0) and imidazole (A) at pHbulk 6.00. The 
data were taken from Tables V I  and VII. The symbols represent ob- 
served rates (Jobs). Regression and correlation data are given in Table 
IX .  


Disregarding the differences in ionic strength between the two studies, 
a theoretical initial dissolution rate of benzoic acid may be calculated from 
the data and methods given in Table IX6. 


The agreement between the observed and predicted J values appears 
to be excellent. A simplified form of Eq. 52 was used by Higuchi et al. (7) 
to explain the resulting fluxes of benzoic acid in solutions of bases stronger 
than sodium acetate: 


(Eq. 59) 


Equation 59 assumes the total bulk solution buffer concentration to be 
equivalent to that of the base species, [B]h. In the case of acetate, the 
equilibrium between the dissolving benzoic acid and the incoming buffer 
base does not favor the formation of benzoate anion as much as a similar 
bulk solution concentration of a stronger base, such as monohydrogen 
phosphate or borate. Since reaction occurs to a lesser extent with acetate 
ion, [B]h and [B]o are much closer in value than they would be for other 
stronger bases. Therefore, Eq. 58 should be wed in this case rather than 
Eq. 59. Furthermore, Eq. 59 applies only in special cases, whereas Eqs. 
52 and 58 are more general. 


The reason Eq. 59 is a good approximation for the flux of benzoic acid 
when stronger bases than acetate anion are used is that benzoic acid is 
relatively water soluble (compared to 2-naphthoic acid) and maintains 
its pH microenvironment within the diffusion layer by the self-buffering 
mechanism proposed earlier (I), even when large concentrations of strong 
base are present in the bulk dissolution medium. As a result, for strong 
bases, [B]h will always be significantly greater than [B]o, therefore ren- 
dering Eq. 59 applicable. 


pHbulk and Its Relevance to Dissolution Rates of Weak Acids- 
From the data presented here for monoprotic weak acid dissolution rates 
in aqueous media, there are few situations where pHo equah pHb,,lk. This 
occurs only when the acid dissociation is suppressed in the diffusion layer, 
when the acid is highly water insoluble, or when a base is present in the 
dissolution medium at such a high concentration that it swamps and 
controls completely the pH of the diffusion layer. The importance of the 
buffer base concentration in the bulk solution and the basicity of the base 
on the dissolution rate of weak acids cannot be overemphasized. It is 
extremely important that the concentration and composition of the buffer 
medium be stipulated in recording the dissolution rates of acids since the 
pH of the medium is only one of the variables (and possibly a minor 
variable) controlling the dissolution rate. 


Species Profiles and pH across Postulated Diffusion Layer- 
Figure 7 shows the idealized sections of the diffusion layer for dissolution 
of 2-naphthoic acid in imidazole solutions of varying concentration and 
pH. The fractional distance across the diffusion layer is given by X l h ,  
and the fractional concentrations of HA, A-, H+, and OH- are as defined 
previously (1). The fractional concentration of BH+ is defined in a similar 
way to that of HA (normalized to [BH+]o), and that of B is defined in a 
similar way to the fractional concentration of OH- (normalized to [B]h). 
Only the B and BH+ species are shown along with the diffusion layer pH7. 


The profiles of all species within the diffusion layer are calculated using 


Hydrodynamic equivalence is assumed between Jabs and Jthwr using h = 2.82 
X cm, derived from benzoic acid solubility data in Ref. 6 and the D H A  value 
used in Ref. 1. 


7 A summary of the nonnormalized data for all species at several total bulk so- 
lution buffer concentrations and pHbulb values using acetate, imidazole, and mor- 
pholine can be obtained from V. J. Stella. 
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Figure 7-Idealized sections across the postulated diffusion layer adjacent to the surface o f  dissolving 8-naphthoic acid. They  depict the fractional 
Concentration profiles of the imidazole buffer species and dif fusion layer p H  as a function of the changing pHbulk and total buffer concentration 
in  the bulk solution. Key: X, imidazole conjugate acid, BH+; - a, imidazole base, B; and -, p H  within the  diffusion layer. 


Eq. 57 and a digital computer’. The fractional or normalized data are 
misleading as given in Fig. 7 and serve only as a comparison between the 
different conditions tested in the bulk solution. As the total buffer con- 
centration in the bulk solution is increased at  all pHbulk values, the cur- 
vature in the diffusion layer pH profile becomes less pronounced since 
pHo approaches pHbulk. Comparing the profiles obtained at  pHbulk 7.00 
with imidazole buffer present in the dissolution medium to those obtained 
with 2-naphthoic acid when no buffer is present (see Fig. 10 in Ref. 1) at 
the same pHbulk, the pH within the diffusion layer shows a much less 
abrupt change in the buffered case. 


Many investigators have used the concept of a plane of reaction within 
the diffusion layer moving further toward or away from the solid-liquid 
boundary as the reactant concentration in the bulk solution is varied. This 
concept has been used to explain the dissolution of benzoic acid in sodium 
hydroxide solutions (21, 22), implying that the reaction decreases the 
effective film thickness and, therefore, catalyzes the dissolution rate. 
Where OH- is the only base diffusing into the diffusion layer and re- 
acting, the plane of reaction theory may be applied, as observed by the 
changing position in the film where an abrupt pH shift occurs when the 
bulk hydroxide-ion concentration is varied (I). However, this concept, 
as predicted by Higuchi et al. (7), does not apply very well to the buffered 
solution diffusion layers since no abrupt plane of reaction is observed due 
to lower reaction equilibrium constants between the acid and buffer bases 
than between the acid and hydroxide ion. 


CONCLUSIONS 


A method of determining the initial dissolution rate of a typical solid 
monoprotic weak acid in the presence of buffers is demonstrated. The 
bulk solution pH is controlled by the buffer in combination with a pH- 
stat. A theoretical model, using diffusion and simultaneous, instantaneous 
chemical reaction of the dissolving acid with the buffer base, hydroxide 
ion, and water within a postulated diffusion layer, accurately predicts 
the dissolution rate of the acid over a wide range of bulk solution buffer 
concentrations and pH values. 


The dissolution of 2-naphthoic acid from a compressed disk of constant 
surface area at  constant pH, ionic strength, and temperature in acetate, 
imidazole, and morpholine buffers as a function of the total bulk solution 
buffer concentration generally is nonlinear over a wide range of buffer 
concentrations. Furthermore, the total acid flux may asymptotically 
approach the limit where pHo equals pHbulk with increasing total buffer 
concentration in the bulk solution. The approach to this condition is 
dependent on a complex function of the intrinsic solubility of the acid, 
the dissociation constants of the dissolving acid and the conjugate acid 
of the buffer base, the diffusivities of the reactants and products in the 
diffusion layer, the total concentration of the buffer in the bulk solution, 
and the pH of that solution. 


In light of the results predicted by the model and the experimental 
results, the routine reporting of acid dissolution rates is meaningless 


Journal of Pharmaceutical Sciences 1 31 
Vol. 70, No. 1, January 1981 







unless reference is made to the exact pH, buffer, and buffer concentra- 
tions used in the dissolution medium. Inclusion of the pKa of the buffer 
and acid, together with the intrinsic solubility of the acid, also is of use 
in interpretation of such dissolution data. 


The relevance of the model presented here to the dissolution of acidic 
drugs from buffered tablet formulations is that, since the dissolution rate 
of an acidic drug is affected by the buffering effect and pH of its imme- 
diate surroundings, the incorporation of suitable buffering agents directly 
in tablet formulations should facilitate the release of the acidic drug from 
the tablet. The model certainly may assist the formulator in the choice 
of a buffering agent in the tablet relative to the pKa and solubility of the 
dissolving acid. However, direct application of the model to buffered 
dosage forms is difficult since the buffer must dissolve from the tablet 
simultaneously with the acidic drug. Furthermore, the surface area from 
which the dissolution occurs obviously changes during dissolution, and 
hydrodynamic conditions between an experiment and the in uiuo situa- 
tion are likely to differ markedly. 
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Abstract 0 The pharmacokinetics of cimetidine were evaluated using 
a linear system analysis that was formulated specifically to resolve the 
second peak in the blood drug concentration profile after oral dosing. The 
analysis exemplifies a new approach to pharmacokinetic modeling, which 
appears to be a valuable alternative to linear compartmental or physio- 
logical modeling. The formulation of linear system analysis according 
to a certain interpretation of a pharmacokinetic phenomenon avoids the 
complexity of conventional modeling, which often obscures the signifi- 
cance of the kinetic parameters. The new approach should result in a 
more rational analysis of pharmacokinetic phenomena because the less 
important pharmacokinetic processes are not specifically modeled but 


are still accounted for in the mathematical treatment. The bioavailability 
of cimetidine calculated by deconvolution agrees with previous findings. 
The model proposed to describe the second peak after oral absorption 
appears to agree well with the data and the hepatic recycling reported 
for cimetidine. 


Keyphrases 0 Linear system approach-evaluation of pharmacoki- 
netics of cimetidine o Pharmacokinetics-cimetidine, evaluation by 
linear system approach 0 Cimetidine-evaluation of pharmacokinetics 
by linear system approach 


Pharmacokinetic phenomena have been modeled and 
analyzed primarily according to two classes of models: 
linear compartmental models and physiological models. 
The classical linear compartmental models frequently 
provide a good fit to pharmacokinetic data. However, due 
to the fictitious structure of these models, which often 
bears little relation to the true nature of the pharmacoki- 
netic processes, the parameters estimated from such 


models often have no real kinetic significance. The phys- 
iological models that attempt to be more realistic by con- 
sidering such factors as blood flow and elimination and 
distribution in various organs and tissues may provide 
more meaningful results. However, the great number of 
physiological parameters and the difficulty of obtaining 
accurate and reliable estimates of these parameters make 
this approach very difficult. Both approaches to modeling 
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Effect of Adsorbed Carbonate on 
Surface Charge Characteristics and Physical Properties of 
Aluminum Hydroxide Gel 
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Abstract A titration procedure was used to determine the zero point 
of charge of a number of chloride-containing aluminum hydroxide gels 
and aluminum hydroxycarbonate gels. The surface charge characteristics 
of aluminum hydroxide gel were determined by both hydroxyls and the 
surface density of specifically adsorbed carbonate anion. The wide range 
of zero point of charge values reported for aluminum hydroxide is thought 
to be due to the presence of specifically adsorbed anions such as car- 
bonate. The effect of ionic strength on the pH of aluminum hydroxide 
gel is important during washing since the ease of electrolyte removal is 
related to surface charge. Viscosity and sedimentation characteristics 
are related to the relationship between the zero point of charge and bulk 
pH. Maximum viscosity was observed when the bulk pH was adjusted 
to the zero point of charge. 


Keyphrases Aluminum hydroxide gel-effect of adsorbed carbonate 
on surface charge and physical characteristics 0 Carbonate, ad- 
sorbed-effect on surface charge and physical characteristics of alumi- 
num hydroxide gel Physicochemistry-effect of adsorbed carbonate 
on surface charge and physical characteristics of aluminum hydroxide 
gel 


Aluminum hydroxide gels exhibit a surface charge whose 
sign and magnitude depend on bulk pH, specific ion ad- 
sorption, and ionic strength. When no specific adsorption 
of ions other than protons or hydroxyls occurs, as with 
chloride- or nitrate-containing aluminum hydroxide gels 
(l), surface charge arises by the mechanism (2) shown in 
Schemes I and I1 (which are equivalent). For clarity, only 
the bonds associated with the charged site are shown, even 
though aluminum is in sixfold coordination in each 
structure. 


H+ H+ 
(Al-OHz)+ % AI-OH % (A1-0)- 


Scheme I 


When carbon; 


L 


Scheme I I  


;e or any other specifically adsorbed anion 
(1) is present as in aluminum hydroxycarbonate gel, a 
second mechanism (Scheme 111) contributes to the surface 
charge. Thus, the observed surface charge of aluminum 
hydroxycarbonate gel depends on the surface density of 
each type of site. 


A-OH + c03’- s Al-OC02- + OH- 
Scheme III  


An important property of colloidal systems that possess 
a pH-dependent surface charge is the zero point of charge, 
which is the pH at which the net surface charge is zero. At 
this pH, the densities of the positive and negative charges 
arising from Schemes 1-111 are equal (3). 


A number of anions other than carbonate affect the zero 
point of charge of metal oxides through specific adsorption 
to metal oxide surfaces. These anions include orthophos- 
phate, pyrophosphate, tripolyphosphate, silicate, selenite, 
and fluoride anions (4). In each case, the specifically ad- 
sorbed anion contributes additional negative charge to the 
surface, thereby displacing the zero point of charge to lower 
pH values. The major objective of this study was to de- 
termine the effect of specifically adsorbed carbonate on 
the zero point of charge. Another objective was to illustrate 
the effect of surface charge on important physical prop- 
erties such as apparent viscosity and electrolyte removal 
by washing. 


EXPERIMENTAL 


Materials-Two chloride-containing aluminum hydroxide gels were 
prepared in an identical manner, with precautions taken to minimize the 
specific adsorption of carbonate. A closed, baffled reaction vessel was used 
as well as freshly distilled water stored in a closed container. Potassium 
hydroxide (1 M )  was added with continuous stirring to 0.5 M AlC13 at 1 
ml/min through a submerged delivery tube having a pinhole-size orifice 
until pH 9.5 was reached. The resulting chloride-containing aluminum 
hydroxide gel was allowed to stand for 24 hr and was washed with five 
volumes of freshly distilled water using centrifugation. 


An aluminum hydroxycarbonate gel was prepared by the addition of 
0.5 M AIC13 to a solution of 0.5 M NaHC03 and 0.23 M NaZC03 with 
agitation until pH 6.6 was reached (5). The aluminum hydroxycarbonate 
gel was allowed to stand for 24 hr and was washed with five volumes of 
water using centrifugation. 


Nine aluminum hydroxycarbonate gels were obtained commer- 
cially. 


Analytical Procedures-The titration technique (6) used to measure 
the zero point of charge was based on the principle that changes in the 
ionic strength produced by the addition of an indifferent electrolyte, such 
as potassium chloride, will have no effect on proton adsorption or release 
by the gel when the gel surface charge is zero. Thus, titration curves 
(moles of bound or released protons uersus pH) obtained at  several ionic 
strengths intersect a t  a common point, the zero point of charge. 


The zero point of charge of the laboratory chloride-containing alumi- 
num hydroxide gels and the laboratory aluminum hydroxycarbonate gel 
was determined by the following procedure. Aliquots of the gel containing 
-1% equivalent aluminum oxide were prepared containing the appro- 
priate quantities of potassium chloride and hydrochloric acid or potas- 
sium hydroxide, depending on the ionic strength and pH desired. The 
amount of hydrochloric acid or potassium hydroxide added and the re- 
sulting pH were recorded. A blank, i.e., no gel present, also was treated 
similarly to correct for any acid or base that did not result in the ad- 
sorption or release of protons from the surface. Curves obtained at  dif- 
ferent ionic strengths intersect a t  the zero point of charge. A correction 
was rarely needed, and a more rapid and convenient continuous titration 
procedure was developed for routine use. 


The zero point of charge of the commercial aluminum hydroxycarbo- 
nate gels were determined by a continuous titration procedure. An alu- 
minum hydroxycarbonate gel sample, adjusted to the desired ionic 
strength with potassium chloride, was titrated with either acid or base, 
depending on the desired direction of pH change. A blank titration was 
not run since experience showed that no significant correction was 
needed. The recorded pH values and the corresponding quantity of acid 
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Table I-Zero Point of Charge (ZPC) of Laboratory and  
Commercial Aluminum Hydroxide Gels 


Sample 


Appar- 
ent 


Bulk Surface 
ZPC pH Charge 


Laboratory chloride-containing aluminum 


Laboratory chloride-containing aluminum 


Laboratory aluminum hydroxycarbonate gel 


hydroxide gel 1 


hydroxide gel 2 


9.65 8.00 + 
9.65 8.00 + 
9.65 8.00 + 
9.68 8.00 + 


Commercial aluminum hydroxycarbonate gel 1 


Commercial aluminum hydroxycarbonate gel 2 
Commercial aluminum hydroxycarbonate gel 3 
Commercial aluminum hydroxycarbonate gel 4 
Commercial aluminum hydroxycarbonate gel 5 
Commercial aluminum hydroxycarbonate gel 6 
Commercial aluminum hvdroxvcarbonate eel 7 
Commercial aluminum hidroxycarbonate gel 8 
Commercial aluminum hydroxycarbonate gel 9 


6.65 7.05 - 
6.67 7.05 - 
6.66 7.05 - 
6.95 6.34 + 
6.95 6.34 t 
6.95 6.34 + 
6.64 6.38 + 
7.32 5.80 + 
6.30 6.25 + 
6.53 6.51 -0 
6.54 6.60 - 
6.68 6.56 + 
6.90 6.17 + 
6.94 5.63 + 


or base added were plotted, and the intersection point of the different 
ionic strength curves was the zero point of charge, i.e., the pH at  which 
ionic strength has no effect. 


The specific procedure was as follows: 
1. A 100-ml aliquot containing -1% equivalent aluminum oxide was 


transferred to a 250-ml beaker. 
2. The initial pH was recorded with stirring after a stable value was 


achieved. 
3. Sufficient 0.1 N KOH was added from a 10-ml buret to cause a pH 


change of 0.05-0.10 unit. Usually, increments of titrant ranging from 0.2 
to 1.0 ml were required. When the pH was stable, the volume of titrant 
added and the pH were recorded. 


4. Steps 1-3 were repeated but titration was performed with 0.1 N 
HCl. 


5. A plot was constructed with micromoles of acid or base added on 
the ordinate and the resultant pH on the abscissa. 


6. Steps 1-5 were repeated except that, in Step 1,2 ml of 4 M KCl was 
added to the 100-ml volumetric flask before making the final dilution of 
the -1% equivalent aluminum oxide aliquot. The data were plotted on 
the same graph. 


7. Steps 1-5 were repeated except that, in Step 1 , l O  ml of 4 M KCl was 
added to the 100-ml volumetric flask before making the final dilution of 
the -1% equivalent aluminum oxide aliquot. The data were plotted on 
the same graph. The pH where the three curves intersected was the zero 
point of charge. 


The equivalent aluminum oxide content was determined by the eth- 
ylenediaminetetraacetic acid titration (7). 


Viscosity measurements were made on two of the commercial alumi- 
num hydroxycarbonate gels after the gel pH was adjusted to selected 
values above and below the zero point of charge. The pH range of 5-9.5 
was selected to avoid substantial solubilization of the aluminum hy- 
droxycarbonate gel (8). Two hundred milliliters of a gel containing 9% 
equivalent aluminum oxide was adjusted to the desired pH by the addi- 
tion of either 1 N HC1 or KOH. The ionic strength of all samples was 
adjusted to 0.03 by adding 1 M KCl. The final volume of all samples was 
adjusted to 230 ml with distilled water. Each sample was vigorously 
stirred and transferred into the measuring vessel of the rotational vis- 
cometer' with the appropriate spindle in place. Each sample was allowed 
to set for 5 min before the viscosity was measured at  100 rpm. 


RESULTS AND DISCUSSION 


Figure 1 illustrates the zero point of charge determination of the lab- 
oratory chloride-containing aluminum hydroxide gel 1. The value is 
concluded to be 9.65 because ionic strength did not affect the gel a t  pH 
9.65. Triplicate determinations resulted in identical results (Table I), 
indicating the excellent precision of the individual sample adjustment 
method for determining the zero point of charge. The precipitation 
method also was very reproducible since the zero point of charge of lab- 


Model RVT, Brookfield Engineering Laboratories, Stoughton, Mass. 


PH 
Figure 1-Determination of the zero point of charge of laboratory 
chloride-containing aluminum hydroxide gel 1 .  Key: 0, p = 0.0005; A, 
p = 0.01; and 0, )I = 0.6. 


oratory chloride-containing aluminum hydroxide gel 2 was 9.68 (Table 
I). The surface charge of both gels was positive since the bulk pH was 
below the zero point of charge. 


Specifically adsorbed carbonate had a substantial effect on the zero 
point of charge. The value of the laboratory aluminum hydroxycarbonate 
gel was 6.66 f 0.01 based on triplicate determinations (Table I). The 
surface charge of this gel was negative since the bulk pH was above the 
zero point of charge. 


The continuous titration method also measured precisely the zero point 
of charge; triplicate determinations on commercial aluminum hydroxy- 
carbonate gel 1 gave identical results of 6.95 (Table I). The zero point of 
charge of the nine commercial aluminum hydroxycarbonate gels ranged 
from 6.3 to 7.3. These gels exhibited positive, neutral, and negative surface 
charges. The lower and more variable values obtained for the aluminum 
hydroxycarbonate gels in comparison to  the chloride-containing alumi- 
num hydroxide gels indicate that specifically adsorbed carbonate con- 
tributes to the surface charge characteristics as hypothesized in Scheme 
111. 


The zero point of charge of the chloride-containing aluminum hy- 
droxide gel was similar to values reported for highly crystalline forms of 
aluminum hydroxide (9), which would be expected to be largely free of 
specifically adsorbed carbonate. This finding suggests that chloride, like 
nitrate, is outside the coordination sphere of the aluminum cation and 
interacts by electrostatic forces (1). This observation agrees with an 
earlier observation that a chloride impurity in hydrous aluminum oxide 
does not affect the zero point of charge (9). 


Thus, it appears that the wide range of zero point of charge values, i.e., 
3.S10.0 (9, lo), reported for aluminum hydroxide is due to the presence 
of a specifically adsorbed anion such as carbonate that contributes to the 
surface charge characteristics (Scheme 111) in addition to the contribution 
of surface hydroxyls (Schemes I and 11). Direct adsorption of carbon 
dioxide from the atmosphere by aluminum hydroxide is likely to occur 
since carbon dioxide is known to be strongly adsorbed onto moist goethite 
surfaces as carbonate (11). 


The effect of ionic strength on the pH of aluminum hydroxide is seen 
in Fig. 1. As the ionic strength increased, the pH of the aluminum hy- 
droxide gel tended toward the zero point of charge. Conversely, lowering 
the ionic strength caused the pH to move away from the zero point of 
charge. This behavior must be considered during thc washing of alumi- 
num hydroxide gel or the final pH of the gel after washing will be un- 
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Figure 2-Effect of bulk pH on apparent viscosity of commercial alu- 
minum hydroxycarbonate gels 1 (0) and 4 (0). The zero point of charge 
of commercial aluminum hydroxycarbonate gels 1 and 4 are 6.95 and 
6.30, respectively. 


predictable. Table I indicates that the bulk pH ranged from 5.63 to 6.60 
and. was as random as the zero point of charge. Figure 1 indicates that 
washing a gel whose pH was at  the zero point of charge did not produce 
a pH change even though the ionic strength was reduced. Furthermore, 
because the gel surface is neutral when the pH is a t  the zero point of 
charge, electrolyte removal should be accomplished most readily when 
washing is performed under these conditions. Cations will be retained 
if washing occurs a t  pH conditions above the zero point of charge, and 
anions will be retained if the pH during washing is below the zero point 
of charge. 


Physical properties of aluminum hydroxide gel such as viscosity and 
sedimentation characteristics are controlled largely by a sensitive in- 
terplay between the attractive and repulsive forces operating between 
the particles and aggregates. The coulombic repulsive force and the van 
der Waals attractive force are of prime importance. For molecules, van 
der Waals forces are weak and very short ranged, with the force being 
inversely proportional to the seventh power of the distance separating 
the molecules (12). Only in the absence of other forces and at  sufficiently 
low temperatures do these forces manifest themselves between molecules. 
For particles, the situation is different. To find the magnitude of the force 
and the dependence on the separating distance, the assumption is often 
made that the individual forces operating between molecules may be 
summed pairwise to obtain the net force between macroscopic bodies (12). 
In the case of two flat slabs, where the separation distance is small com- 
pared to the thickness of either slab, the force varies inversely with the 
third power of the separating distance. The van der Waals force summed 
in this way has sufficient magnitude to be of relevance in colloidal sys- 
tems. In fact, when the charge on the particle surfaces is sufficiently re- 
duced (by adjustment of pH or ionic strength), the van der Waals forces 
are responsible for aggregation and associated phenomena (13). A result 
similar to that obtained for flat slabs also occurs for macroscopic 
spheres. 


Another important result related to van der Waals forces is that the 
force between anisometric particles is a function of the relative orienta- 
tions of the bodies (considering all orientations having the same center 
of mass separation). In particular, lath-shaped particles and needles in- 
teract most strongly when positioned end-to-end. Plates interact most 
strongly in an edge-to-edge orientation. For isometric particles, the same 
considerations apply since joining two isometric particles necessarily 
forms an anisometric aggregate which tends to orient itself end-on with 
a third particle (12). 


The apparent viscosity of aluminum hydroxide gel is sensitive to the 
bulk pH because of particle interactions. When coulombic repulsion is 
sufficiently reduced by adjusting the bulk pH close to the zero point of 
charge or by increasing the ionic strength, the van der Waals forces cause 
the particles to agglomerate. Consequently, the apparent viscosity in- 
creases. The magnitude of the viscosity change depends on the aggregate 
structures. Figure 2 illustrates the effect of bulk pH on the apparent 
viscosity of commercial aluminum hydroxycarbonate gels 1 and 4. The 
viscosity of both aluminum hydroxycarbonate gels was at a maximum 
when the bulk pH was at  the zero point of charge, i.e., pH 6.95 and 6.30, 
respectively. The fact that a different maximum viscosity occurred for 
each aluminum hydroxycarbonate gel suggests that aluminum hydrox- 
ycarbonate gel 1 formed a more highly extended and cross-linked network 
of particles in comparison to aluminum hydroxycarbonate gel 4. 


The apparent viscosity of aluminum hydroxycarbonate gel 1 increased 
eightfold as the pH increased from 5.95 to 6.95, and aluminum hydrox- 
ycarbonate gel 4 showed a sixfold increase in apparent viscosity between 
pH 5.30 and 6.30. A small pH change in the region of the zero point of 
charge produces large changes in apparent viscosity. 


It is apparent from Fig. 2 that investigations of the factors affecting 
aggregate type will prove valuable because aluminum hydroxide gels 
whose apparent viscosity is not sensitive to small variations in bulk pH 
are more generally desirable. In addition, the pH changes that may occur 
when aluminum hydroxide gel is washed also may lead to changes in 
viscosity. Finally, the results suggest that the viscosity of aluminum hy- 
droxide gels can be controlled by adjusting the relationship between the 
zero point of charge and the bulk pH to produce the desired degree of 
aggregation. 


REFERENCES 


(1) C. J. Serna, J. L. White, and S. L. Hem, Soil Sci. SOC. Am. J. ,  41, 
1009 (1977). 


(2) T. W. Healy and L. R. White, Adu. Colloid Interface Sci., 9,303 
(1978). 


(3) R. G. Gast, in “Minerals in Soil Environments,” J. B. Dixon and 
S. B. Weed, Eds., Soil Science Society of America, Madison, Wis., 1977, 
pp. 27-73. 


(4) F. J. Hingston, R. J. Atkinson, and J. P. Quirk, Nature, 215,1459 
(1 967). 


(5) S. L. Hem, E. J. Russo, S. M. Bahal, and R. S. Levi, J.  Pharm. Sci., 
59,317 (1970). 


(6) T. F. Tadros and J. Lyklema, J. Electroanal. Chem., 17, 267 
(1968). 


(7) “The United States Pharmacopeia,” 20th rev., United States 
Pharmacopeial Convention, Rockville, Md., 1980, p. 25. 


(8) J. D. Hem and C. E. Robertson, Geological Survey Water-Supply 
Paper 1827-A, U S .  Government Printing Office, Washington, D.C., 1967, 
p. 147. 


(9) G. A. Parks, Chem. Reu., 65,177 (1965). 
(10) H. Schott, J .  Pharm. Sci., 66,1548 (1977). 
(11) J. D. Russell, E. Patterson, A. R. Fraser, and V. C. Farmer, J .  


(12) J. Mahanty and B. W. Ninham, “Dispersion Forces,” Academic, 


(13) H. Van Olphen, “An Introduction to Clay Colloid Chemistry,” 


Chem. Soc., Faraday Trans., 71,1623 (1975). 


London, England, 1976, pp. 11,16,21,22. 


Wiley-Interscience, New York, N.Y., 1977, p. 36. 


ACKNOWLEDGMENTS 


Supported in part by William H. Rorer, Inc. 
This report is Journal Paper 8120, Purdue University Agricultural 


Experiment Station, West Lafayette, IN 47907. 


640 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 6. June 1981 








unless reference is made to the exact pH, buffer, and buffer concentra- 
tions used in the dissolution medium. Inclusion of the pKa of the buffer 
and acid, together with the intrinsic solubility of the acid, also is of use 
in interpretation of such dissolution data. 


The relevance of the model presented here to the dissolution of acidic 
drugs from buffered tablet formulations is that, since the dissolution rate 
of an acidic drug is affected by the buffering effect and pH of its imme- 
diate surroundings, the incorporation of suitable buffering agents directly 
in tablet formulations should facilitate the release of the acidic drug from 
the tablet. The model certainly may assist the formulator in the choice 
of a buffering agent in the tablet relative to the pKa and solubility of the 
dissolving acid. However, direct application of the model to buffered 
dosage forms is difficult since the buffer must dissolve from the tablet 
simultaneously with the acidic drug. Furthermore, the surface area from 
which the dissolution occurs obviously changes during dissolution, and 
hydrodynamic conditions between an experiment and the in uiuo situa- 
tion are likely to differ markedly. 
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Abstract 0 The pharmacokinetics of cimetidine were evaluated using 
a linear system analysis that was formulated specifically to resolve the 
second peak in the blood drug concentration profile after oral dosing. The 
analysis exemplifies a new approach to pharmacokinetic modeling, which 
appears to be a valuable alternative to linear compartmental or physio- 
logical modeling. The formulation of linear system analysis according 
to a certain interpretation of a pharmacokinetic phenomenon avoids the 
complexity of conventional modeling, which often obscures the signifi- 
cance of the kinetic parameters. The new approach should result in a 
more rational analysis of pharmacokinetic phenomena because the less 
important pharmacokinetic processes are not specifically modeled but 


are still accounted for in the mathematical treatment. The bioavailability 
of cimetidine calculated by deconvolution agrees with previous findings. 
The model proposed to describe the second peak after oral absorption 
appears to agree well with the data and the hepatic recycling reported 
for cimetidine. 


Keyphrases 0 Linear system approach-evaluation of pharmacoki- 
netics of cimetidine o Pharmacokinetics-cimetidine, evaluation by 
linear system approach 0 Cimetidine-evaluation of pharmacokinetics 
by linear system approach 


Pharmacokinetic phenomena have been modeled and 
analyzed primarily according to two classes of models: 
linear compartmental models and physiological models. 
The classical linear compartmental models frequently 
provide a good fit to pharmacokinetic data. However, due 
to the fictitious structure of these models, which often 
bears little relation to the true nature of the pharmacoki- 
netic processes, the parameters estimated from such 


models often have no real kinetic significance. The phys- 
iological models that attempt to be more realistic by con- 
sidering such factors as blood flow and elimination and 
distribution in various organs and tissues may provide 
more meaningful results. However, the great number of 
physiological parameters and the difficulty of obtaining 
accurate and reliable estimates of these parameters make 
this approach very difficult. Both approaches to modeling 
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are faced with a statistical and numerical dilemma: the 
more complex a model becomes to consider the many ki- 
netic factors involved andlor to get a better fit to the data, 
the less significant the individual parameters become. 


This report discusses how linear system analysis may be 
applied as an alternative to other modeling approaches and 
how the described problems can be overcome, to some 
extent, by the new approach. Linear system analysis ap- 
parently has not been used in pharmacokinetic modeling 
because the analysis is coiisidered and treated basically as 
a model-independent procedure. It is demonstrated that 
the linear system approach may be formulated according 
to a specific pharmacokinetic interpretation, without 
having to rely on complex pharmacokinetic or mathe- 
matical models. The formulation should result in a more 
rational analysis of the pharmacokinetic phenomena of 
interest because the pharmacokinetic processes of minor 
interest are not specifically modeled but are still accounted 
for in the mathematical treatment. 


The new type of modeling is demonstrated using the 
pharmacokinetics of cimetidine. Since its peculiar kinetic 
behavior was discussed and analyzed recently using linear 
compartmental principles (1, 2), there should be a good 
basis for comparison with this conventional type of anal- 
ysis. 


THEORETICAL 


Derivation-The mathematical derivation is based on a linear system 
approach that involves the following basic assumptions: 


1. The pharmacokinetic system is linear and time invariant (3) in the 
sense that the drug concentration response in the sampling region, S (the 
blood), behaves linearly with respect to direct (intravenous) drug input 
(Fig. 1, part 1) and to indirect (absorption) input (Fig. 1, part 2) inde- 
pendent of time. 


2. The characteristic response (the unit impulse response) of the 
sampling region is the same for direct and indirect input. 


Under Assumption 1, the concentration response, c ( t ) ,  in S is the 
convolution of the characteristic response, c d t ) ,  and the rate of direct 
input, f ( t ) ,  into S: 


(Eq. 1) 


The characteristic response, c,( t ) ,  is determined by the transfer of drug 
between the sampling region, S,  and the peripheral region, PI, and by 
the elimination from S (Fig. 1, parts 1 and 2). If the S - P transfer ki- 
netics and the drug elimination kinetics do not change significantly be- 
tween the direct (intravenous) input and the indirect (absorption) input, 
then Assumption 2 will be valid. In that case, Eq. 1 can be used to evaluate 
the input-response relationship in the absorption case. The vital link in 
this relationship, the characteristic response, cn(t ), then can be evaluated 
from a direct (intravenous) drug administration (4 ,5) .  


The current definition of bioavailability is based on the rate and extent 
of input into the systemic circulation (6-8). In mathematical terms, these 
parameters are equivalent tof( t )  and S$( t )d t  or Scf ( t )d t .  The various 
deconvolution methods proposed to evaluate f ( t )  from Eq. 1 were dis- 
cussed previously (9-11). These methods are either inaccurate and par- 
ticularly sensitive to errors in the data2 (12) or computationally complex 
(9 ,13,14) .  However, a recently proposed deconvolution method appears 
to be accurate, error stable, and simple to use (5). 


This method is based on an approximation (e.g., least squares) of the 
absorption response, c ( t ) ,  by a sum of exponentials: 


c ( t )  = C bie-@i'+ 0, > 0 (Eq. 2) 
in 


i -  1 


where t +  = ( t  - tiag)+ and c(0) = 0. The characteristic response, c r ( t ) .  


The treatment also is valid if the drug is eliminated from P .  
* L. 2. Benet and C. W. N. Chiang, presented at the APhA Academy of Phar- 


maceutical Sciences, Chicago meeting, November 1977. 


F ( t 1  


C f L \  
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Figure 1-Proposed pharrnacokinetic model for cirnetidine. 


is obtained from a polyexponential approximation of the intravenous 
bolus response:': 


n 


i -  1 
c&) = aie-"i' LYi > 0 (Eq. 3) 


according to: 


cn( t )  = civ(t)/Div (Eq. 4) 


The cumulative amount of drug absorbed, expressed as a percentage 
where Div is the intravenous bolus dose. 


of the dose ( D ) ,  was derived previously (5) as: 


and the absorption rate was derived as: 
D m+n-1 


f ( t )  = - C ui(-ui)e-"i'+ (Eq. 6) 100 i - I  


The parameters uo,{uil;+"-' that  define the input function are cal- 
culated from Ibi,fiilr (Eq. 2) and Ini,ailT (Eq. 3) and the doses (5). 


Second Peak Phenomenon-A previous investigation strongly sug- 
gested that the second peak observed in the oral absorption curve of 
cimetidine is due to a discontinuous recycling phenomenon (1). Thus, 
it seems appropriate to consider the oral absorption input of this drug 
as consisting of two components: an input, fa ( t ) ,  of drug that has not been 
recycled and an input, f ~ ( t ) ,  of recycled drug: 


This corresponds, according to the fundamental superposition principle 
of linear systems (3 ,15) ,  to an equivalent partitioning of the response: 


c ( t )  = cA(t) + C B ( t )  (Eq. 8) 


The input components, f ~ ( t )  and f B ( t ) .  may be estimated individually 
from the response components, C A ( ~ )  and e A ( t ) ,  by deconvolution if these 
response components can be properly resolved. This seems to be the case 
for the oral cimetidine data because of the substantial delay in the re- 
cycling and because of the substantial magnitude of the second peak that 
is superimposed at the end of the primary ( A )  absorption response. 


:' The characteristic response can be determined readily from other types of in- 
travenous input (5). 
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Figure 2-Deconuolution of cimetidine data for Subjects 1-4. The monotonically increasing curue is the cumulative amount of input expressed 
as percent of the dose. The oral drug concentration-response approximation and input haue been resolued into two components, A and B, where 
A is the primary input (or response) and B is a reabsorption component proposed according to the model in Fig. 1 .  The intravenous curue and 
data are staggered oertically one unit for clarity ( I .  V. + 1). The response component B is extracted from the oral curue and is staggered two units 
(€3 + 2) .  


The pharmacokinetic literature has demonstrated the great utility of 
Eq. 2 in approximating oral absorption responses. For this reason and 
because of the smooth and asymptotic behavior of Eq. 2, it seems ap- 
propriate to apply Eq. 2 to resolve the absorption response in two 
polyexponential components: 


(Eq. 9) 


and to estimate these components by fitting their sum (Eq. 9) to the oral 
cimetidine data. The corresponding input components, f~ ( t )  and f B  ( t ) ,  
subsequently can be estimated individually by the deconvolution method, 
where the characteristic response is determined from the intravenous 
bolus data. 


According to Assumption 2, the asymptotic terminal phases of the 
responses from the intravenous and oral administrations should agree 
within each subject. This specification requires that: 


min a, = min (&)a = min @,)A (Eq. 10) 


To enforce this restriction, it is necessary to  fit Eqs. 3 and 9 simulta- 
neously to the data because of the shared parameter (Eq. 10). 


The deconvolution method allows any number of exponential terms 
in the approximation of the characteristic response and the absorption 
input response. However, two exponential terms (n  = 2, r = 2, s = 2) gave 
a satisfactory approximation to the data in all 12 cases (Figs. 2-4). Thus, 
the following equations were fitted simultaneously to the cimetidine 
data: 


c , , ( t )  = + a2e-n*t (Eq. 11) 


1 1 J 


c ( t )  = (ble-olt+ + b2e-b2t+)A + (ble-Plt+ + bze-Pzt+)6 (Eq. 12) 


with due consideration of the boundary conditions, CA (0) = 0 and cs(0) 
= o  


(bi + b 2 ) ~  = 0 (Eq. 13) 


(bi + b 2 ) ~  = 0 (Eq. 14) 


If bl is defined as positive in Eq. 12, then 
Eq. 10 becomes: 


< p 2  and the restriction in 


( P ~ A  = ( P I ) B  = min(al,an) (Eq. 15) 


which is readily considered in the simultaneous curve fitting. 
The theory (5) predicts that if m exponential terms are used for the 


approximation of the absorption response and n terms are used for the 
characteristic response, then the input function will consist of m + n - 
1 exponential terms (Eqs. 5 and 6). Of these m + n - 1 exponential terms, 
m has exponents (time coefficients) identical to those used in the ab- 
sorption response approximation (Eq. 2). If any exponent in the ab- 
sorption response approximation coincides with an exponent for the 
characteristic response, then the corresponding exponential term of the 
input function vanishes (u --+ 0). There is one common exponent pa- 
rameter (Eq. 15) in the simultaneous fitting of Eqs. l l  and 12. Thus, the 
number of exponential terms in the input function is ( m  + n - 1) -1 = 
(2 + 2 - 1) - 1 = 2 for components A and B4. 


In addition to a graphical presentation (Figs. 2-4) that provides the 
most informative picture of the absorption process, it is valuable to 


The u values corresponding to the common exponents calculated by the com- 
puter program in Ref. 5 were zero within the accuracy of the computer computa- 
tions. 
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Figure 3-Deconvolution of cimetidine data for Subjects 5-8. (See legend to Fig. 2.) 


quantify the rate and extent of drug input in simple terms. When Eq. 15 
is satisfied, then f ( t )  > 0 for 0 < t < m. Consequently, PCT(t)  is mono- 
tonically increasing, and the total bioavailability, expressed as percent 
of the dose, is (ui > 0): 


F = lim PCT(t)  = ( u o ) ~  + ( u o ) ~  (Eq. 16) 


The time, t ,  (corrected for the lag time), for a given fraction, x, of the total 
amount absorbed to be absorbed is obtained from: 


xF - PCTlt, + tlaw) = 0 (Eq. 17) 


where PCT( t )  is given by Eq. 5. The absorption times, t 1 / 2  and to.$, ob- 
tained in this way are useful measures of the absorption rate. 


I - -  


EXPERIMENTAL 


The simultaneous fittings of Eqs. 11 and 12 to the cimetidine data were 
obtained using the general nonlinear regression program FUNFIT (16). 
The deconvolutions were done according to the algorithm and the com- 
puter program listed in Ref. 5. The absorption times, t l / 2  and to.9, were 
obtained by solving Eq. 17 using a root-finding algorithm proposed by 
Wilkinson (17) and improved by Brent (18). Figures 2-4 were drawn by 
a penplotter using computer graphics software written by the author5. 


RESULTS AND DISCUSSION 


Since the deconvolution approach makes no assumptions about the 
mechanism and kinetics of drug absorption or the elimination and dis- 
tribution kinetics, it is a particularly powerful method. I t  is versatile in 


SUBJECT 8 


/ I 


~ 


An 1BM :370/148 computer was used for the calculations and the plotting. 


.. 


HOURS 


that  it is not limited to a particular pharmacokinetic model. I t  is well 
known from the theory of linear differential equations that the input- 
response relationship of classical linear compartmental models can be 
described by the convolution integral, Eq. 1. Therefore, the deconvolution 
approach can be thought of as a generalization of the linear compart- 
mental approaches in drug absorption studies. However, it, is not limited 
to this family of models described by first-order linear differential 
equations. I t  generalizes the families of models described by linear dif- 
ferential equations of any kind. In fact, the convolution integral rela- 
tionship (Eq. 1) can be derived for a linear response system without ref- 
erence to pharmacokinetic processes modeled in differential form (3,19). 
Because of the nonspecificity of the deconvolution approach, there are 
no restrictions, other than the basic assumptions (Assumptions 1 and 2), 
with respect to the interpretation or modeling of the pharmacokinetic 
system. The deconvolution approach should stimulate a more rational 
and objective evaluation of pharmacokinetics. 


In the case of cimetidine, one may assume a simple pharmacokinetic 
model as in Fig. 1, parts 1 and 2. In the intravenous bolus administration 
(Fig. 1, part 11, the drug input is directly into the sampling region, S (the 
blood). The change in the amount or concentration of drug in S is due 
to two basic processes, elimination and reversible distribution. This 
change is considered in the simplest form in the model in Fig. 1, part 1, 
where no specific assumptions are made about the distribution kinetics 
(S - P )  or the elimination kinetics (S  - out). In the oral administration 
(Fig. 1, part 21, the drug input is not directly into the sampling region. 
In the first-pass process, the drug is exposed to the complex kinetic 
mechanism of the hepatic system before i t  reaches S. However, under 
Assumptions 1 and 2, if the first-pass process does not significantly 
change the drug distribution kinetics (S  - P )  or elimination kinetics from 
S, then the input can be evaluated without considering the first-pass 
kinetics (Fig. 1, part 2). The present deconvolution calculations of 
cimetidine absorption can be interpreted in thissimple way (Fig. 1, parts 
I and 2). 
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Figure 4-Deconuolution of cimetidine data for Subjects 9-12. (See 
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The oral data show a pronounced secondary peak that a previous 
analysis (1) strongly suggests is a first-pass phenomenon. The following 
interpretation was proposed. The drug accumulates in a tissue or organ 
that is well perfused in the first-pass transfer. The hepatic parenchymal 
tissue and the bile phase appear to be the most likely storage areas. The 
rate of accumulation is much higher in the first-pass transfer than from 
the systemic circulation. The accumulation occurs by a competitive 
process, and absorbed elements of food seem to compete in this process. 
The second peak appears to be the result of a rapid release of drug and 
bioreversible drug compounds from the hepatic biliary system with 
subsequent reabsorption. This release may occur spontaneously but 
appears to be triggered by the intake of food. 


I t  is of interest to quantify this proposed hepatic recycling. The 
pharmacokinetic model in Fig. 1, part 3, was constructed in agreement 
with this interpretation. This extension of the simpler model in Fig. 1, 
part 2, is not needed for the deconvolution calculations but is constructed 
to resolve the proposed drug absorption mechanism. Most of the drug 
( D )  is absorbed from the GI system and is transferred to the hepatic 
system ( H ) ,  where some of it is metabolized and accumulated (I) or 
passed on to the general systemic circulation ( S )  (Fig. 1, part 3). The drug 
accumulated in the hepatic system is released after some delay and then 
is reabsorbed and transferred to the systemic circulation (the shaded 
pathway in Fig. 1, part 3). 


The extent of reaccumulation from the reabsorbed drug probably is 
not very significant because reabsorption appears to coincide with the 
intake of food (2 hr after dosing), and food apparently inhibits the hepatic 
drug accumulation (1). Even if the drug accumulates to the same extent 
after being reabsorbed, the compounded total amount (e.g., 20% X 20% 
= 4%) most likely will not be detectable, considering the limited infor- 
mation density of the data. I t  apparently is not possible to detect any 
tertiary peaks in the oral data. Thus, the analysis can be appropriately 
limited to the primary input ( A )  and the reabsorption component ( R )  
(Fig. 1, part 3), as discussed under Theoretical. 


The simultaneous fitting of Eqs. 11 and 12 to the cimetidine data ap- 


HOURS 


legend to  Fig. 2.) 


pears to give a good response approximation for all 12 subjects (Tahles 
I and I1 and Figs. 2-4). The fit in the terminal phases of the oral and in- 
travenous data is excellent for each subject, which is in agreement with 
Assumption 2 and Eq. 15. The cumulative input profiles for components 
A and R show asymptotic behavior, in agreement with the theory, and 
give a well-defined graphical representation of the extent of absorption 
due to A and R (Figs. 2-4). There is no secondary peak for Subject 4, 
perhaps because of a particularly slow or inhibited (nonfasting state?) 
hepatic drug accumulation in this subject. The good similarity between 
the oral response profile of Subject 4 and the A response profiles of the 
other subjects indicates that the particular AIR partitioning of the re- 
sponses is a valid approach. 


The average extent of primary absorption ( u o ) ~  and reabsorption (UO)H 


is 47 and 17%, respectively (Table 111). The average total availability, 


Table  I-Least-Squares Polyexponential Approximation of 
Intravenous Bolus Response (Eq. 11) 


Sub- C Y ~ ,  W I  W, C Y ~ ,  RSSb X lo2, 
ject pg/ml rg/ml hr-' hr-I (rg/mU2 


1 2.30 5.07 0.479 3.56 3.96 
2 3.69 7.20 0.449 5.60 2.54 
3 3.60 15.3 0.395 5.19 19.1 
4 3.08 10.3 0.523 4.15 7.92 
5 2.18 3.95 0.531 3.64 1.67 
6 2.78 11.4 0.464 6.18 5.37 
7 3.05 4.59 0.449 3.79 4.11 
8 2.55 8.31 0.407 4.69 7.15 
9 2.66 7.99 0.318 4.13 13.6 


10 2.87 9.73 0.388 3.94 2.64 
11 3.83 9.97 0.506 5.29 8.74 
12 2.31 5.68 0.365 3.64 4.76 


Fitted simultaneously with the oral absorption data (Eq. 12). Residual sum 
of squares. 
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Table 11-Least-Squares Polyexponential Approximation of Absorption Response (Eq. 12) a 


Component A Component R 
Sub- b i ,  P 2 ,  t l a g .  b i ,  P2,  t l a g ,  RSSb x 102, 
iect u d m l  hr-' hr u d m l  hr-' hr (uuglml ) 


1 1.82 
2 2.16 
3 2.04 
4 2.76 
5 1.54 


10 1.47 


4.09 0.25 
4.34 0.18 


30.0 0.21 
9.29 0.17 
8.46 0 


13.7 
6.92 
6.13 
5.57 
8.93 


0 
0.21 
0.22 
0.14 
0.19 


0.453 
0.571 
0.521 


0.817 
- 


0.540 
1.16 
0.756 
0.316 
0.737 


1.53 
17.1 
16.3 
- 


4.48 
1.90 


7.55 
3.47 
7.36 


13.5 


2.51 10.3 
1.58 5.84 
2.05 40.7 
- 10.1 


1.76 7.81 
1.82 
1.43 
2.94 
2.99 
1.83 


6.38 
8.30 
5.65 
1.73 
5.99 


11 2.30 5.37 0.20 0.285 13.3 1.50 1.10 
12 0.860 6.04 0 1.58 0.955 1.71 4.11 


Fitted simultaneously with the intravenous bolus data; bz = -bl and PI = a1 (Table I). Residual sum of squares. 


Table 111-Parameters Defining the Input  Function (Eqs. 5 and  6) a 


Total 
Sub- Component A Component B Availability, 
; uo,% Ul,% up,% u1, hr-' u2, hr-' P C T %  ject UO,% u1, 


1.44 10.4 102.7 -113.1 1.53 1.44 64.4 
2.19 13.1 -3.95 -9.10 17.1 2.19 58.6 
1.31 8.76 10.4 -19.1 1.99 1.31 51.1 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 


Mean cv, Q 


54.0 
45.5 
42.3 
59.6 
52.2 
51.6 
55.9 
54.7 
41.7 
36.8 
43.5 
28.0 
47.15 
19.4 


-4.31 
10.5 
-9.19 


-12.7 
-16.6 


-16.0 
-8.22 


-5.02 
-4.29 
-7.21 
-0.360 
-5.13 


-49.7 
-56.0 
-33.1 
-46.9 
-35.6 
-43.4 
-39.9 
-49.7 
-37.4 
-29.6 
-43.1 
-22.9 


4.09 
4.34 


9.29 
8.46 


6.92 
6.13 
5.57 
8.94 
5.37 
6.04 


30.0 


13.7 


These parameters correspond to the absorption curves in Figs. 2-4. 


Table IV-Absorption Times a 


- - - 59.6 1.36 
1.64 26.1 -3.47 -22.6 4.49 1.64 78.3 
1.59 11.2 39.0 -50.2 1.90 1.59 62.8 
1.78 31.3 -12.2 -19.1 13.5 1.78 87.2 
1.41 21.9 -3.07 -18.8 7.55 1.41 76.6 
1.27 8.76 0.812 -9.57 3.47 1.27 50.5 
1.20 18.2 -3.07 -15.1 7.36 1.20 55.0 
1.83 5.74 -1.39 -4.35 13.3 1.83 49.2 
1.31 34.0 -911.4 58.4 0.955 1.31 62.0 


17.2 62.9 
56.8 19.1 


- - 


1 
2 
3 


0.442 
0.370 
0.343 


1.54 
1.14 
1.58 


0.835 
0.168 
0.851 


2.29 
0.885 
2.27 


0.585 
0.537 
0.521 


2.99 
1.72 
2.74 


4 0.347 1.52 - - 0.347 1.52 
5 0.242 1.17 0.367 1.32 0.614 2.47 
6 0.330 1.34 0.799 2.07 0.482 2.62 
7 0.257 1.10 0.163 1.02 0.668 1.78 
8 0.432 1.56 0.394 1.52 0.785 3.40 
9 0.472 1.73 0.598 1.88 0.652 3.42 


10 0.405 1.74 0.436 1.77 0.968 2.69 
11 0.375 1.25 0.238 1.11 0.452 1.59 
12 0.400 1.60 1.22 3.22 2.04 4.23 


Mean 0.368 1.44 0.552 1.76 0.721 2.60 
cv, ?6 19.0 15.9 61.4 39.3 61.8 32.4 


(I Defined by Eq. 17 


( U O ) A  + ( U O ) R ,  is 63%, which agrees closely with the availability of 61% 
calculated previously by the area under the curve approach (1). Cimeti- 
dine is eliminated mainly uia the kidneys (20). This agrees closely with 
the 50% recovery reported previously (21), which indicates that  the cal- 
culated extent of bioavailability appears to he physiologically mean- 
ingful. 


A statistical comparison of the absorption rates of input components 
A and R on the basis of t 112 and t o . 9  (Table IV) indicates that  I3 is sig- 
nificantly slower than A (one-tailed, paired t test, a < 0.05). The drug 
accumulated in the hepatic system appears to be secreted as conjugates 
or complexes (1). The reabsorption of the drug from these forms may 
involve deconjugation and decomplexation, which may explain the slower 
absorption than from the oral solution. 


The present method of analyzing the pharmacokinetics of cimetidine 
and resolving the second peak phenomenon is radically different from 
the approach presented previously (1) and from classical linear com- 


partmental approaches in general, The deconvolution approach has 
several advantages. 


1. The method is more general since it does not make specific kinetic 
assumptions such as first-order absorption, first-order compartmental 
transfer, and first-order elimination processes. 


2. The method is basically model independent since it does not assume 
a specific pharmacokinetic model with a certain compartmental structure, 
nor does it make specific assumptions about the nature of the kinetic 
processes involved. 


3. Because of this model independence, the method allows a more free 
and rational analysis of the pharmacokinetics. The method does not 
postulate a specific pharmacokinetic interpretation or attempt to justify 
a particular model; instead, it allows a great degree of freedom in the 
interpretation. This approach should stimulate a more specific and ra- 
tional experimental design in a future study. 


4. As demonstrated for cimetidine, the deconvolution approach can 
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be formulated according to a specific pharmacokinetic interpretation 
without relying on a complex pharmacokinetic or mathematical model 
as in the previous study (1). 


5. The deconvolution approach is computationally easier than the 
often complex equations of compartmental models. Considerable effort 
may be necessary to derive and check the equations of such models and 
to obtain suitable initial estimates of the often numerous microparam- 
eters for curve fitting. However, the simplicity of the equations in the 
deconvolution approach and the few parameters involved virtually 
eliminate such problems. 


6. In the deconvolution approach, the input is presented in a clear 
comprehensible manner in terms of an input profile (Figs. 2-4), which 
appears to be more descriptive and detailed than classical measures of 
absorption such ask, and t ~ f z ( ~ h ) .  


7. The deconvolution approach has the important property of not 
requiring an extrapolation to time infinity, as required by the AUC,” 
approach for the evaluation of the extent of bioavailability (11). In that 
sense, it makes fewer assumptions than the AUC; approach. It also allows 
a more rational and intelligent sampling design (5,ll).  


The main disadvantage of the linear system approach is that i t  is 
limited to linear response systems. However, this limitation does not 
mean that the basic kinetic processes, such as distribution, metabolism, 
glomerular filtration, and drug binding that determine pharmacokinetics, 
need to be linear or first order. These processes most likely are of a non- 
linear nature instead of the pseudolinear nature that often is assumed. 
However, the overall effect of the individual kinetic processes may result 
in a system that is well approximated linearly, so that the fundamental 
convolution integral relationship (Eq. 1) applies (5 , l l ) .  


The modelless nature of the linear system approach may not seem 
appealing if the objective of a study is to model the kinetics of specific 
pharmacokinetic processes. However, with some ingenuity, it may be 
possible to adapt the linear system approach to model and analyze a 
specific pharmacokinetic phenomenon, similar to what is done in this 
work. The linear system approach also may be combined with conven- 
tional models to simplify systems that otherwise would be rather complex. 
Such limited modeling approaches should be more appropriate because 
fewer assumptions are involved and they should lead to models of a more 
general nature. 


The most rational approach is, if possible, not to model peripheral 
kinetic aspects that cannot be experimentally verified but to focus the 
modeling on the pharmacokinetic aspects of particular interest. If the 
objective is to elucidate drug input kinetics, then this can be readily ac- 
complished using the deconvolution approach by plotting the input 
function according to the models considered. For example, if a plot of In 
V ( t  )] uersus t is approximately linear, then it indicates a first-order input. 
Different mathematical models for the input can be considered quickly 
in this way. This approach is obviously more rational than is mathe- 
matical derivation with subsequent fitting of the regression equation 
specifically for each input model. 


The equations fitted to approximate the concentration-time response 
in the linear system approach are empirical. There is no need to attach 
any specific kinetic significance to their parameters. Model-dependent 
approaches, however, often attempt to be kinetically significant by 
considering many pharmacokinetic factors. Complex models often result 
where the parameters of particular interest lose their practical signifi- 
cance because of the large total number of parameters and the low in- 


formation density frequently found in pharmacokinetic data. The linear 
system approach is not faced with this dilemma. There is no loss in kinetic 
significance when the number of parameters is increased to get a more 
appropriate approximation of the concentration-time response. 


The linear system analysis approach to evaluate phermacokinetic 
phenomena seems promising. A careful formulation of this approach may 
offer a valuable alternative to conventional modeling. Considering the 
great complexity of the biological processes that determine a drug’s 
pharmacokinetics and the often limited information density of phar- 
macokinetic data, it seems irrational to derive complex models to consider 
the many factors involved, particularly when the mechanism of many of 
these factors cannot be verified. It seems more rational, if possible, not 
to model unknown processes that are not of primary interest but instead 
to consider their total effect and to focus the modeling on the phar- 
macokinetic aspect of real concern. The linear system analysis approach 
offers this possibility. These principles have been exemplified in analyzing 
the second peak phenomenon of cimetidine. 
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n 


rapid cellular uptake of doxorubicin that occurs as early as 0.5 min 
postinjection (10) should facilitate its diffusion into the cells once i t  is 
released from the microspheres. 


In conclusion, magnetic targeting of chemotherapeutic agents to known 
sites of disease should be feasible with many currently available antitu- 
mor agents. As late as 60 min postinjection, 1% of a free intravenous dose 
of doxorubicin magnetically localized resulted in almost twice the local 
tissue concentration than was achieved by a 100-fold higher intravenous 
dose. The bioavailability of the localized drug is currently under inves- 
tigation in a tumor model system. 
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Figure 1-Doxorubicin tissue concentration was determined spectro- 
photofluorometrically after infusion of either 5 mg of free doxorubi- 
cinlkg io (0) or 0.05 mg of doxorubicinlkg encapsulated in magnetic 
microspheres via the caudal artery (m). Each value represents the au- 
erage of two animals. 


min whereas the actual value found by spectrophotofluorometric methods 
was 3.7 pg/g. 


The doxorubicin assay employed in these experiments was limited to 
determining the total tissue fluorescence. Adriamycinol, an active me- 
tabolite, accounts for a percentage of the total fluorescence. However, 
this metabolite, which is produced by the action of an ubiquitous intra- 
cellular aldo-keto oxidoreductase, is minimally active in rats in com- 
parison to humans or monkeys (15). The magnetic sequestration of car- 
rier-delivered doxorubicin from systemic circulation thus could be ben- 
eficial in eliminating many of the known acute and chronic toxic side 
effects. Although the data indicate a good correlation between carrier 
and drug distribution, the question of bioavailability of carrier-delivered 
doxorubicin has yet to be determined in a tumor model test system. 
However, analysis in situ by fluorescence microscopy of the microspheres 
30 min postinjection a t  the target site suggested a radial diffusion of 
doxorubicin from the microspheres into the surrounding tissues. The 
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Abstract 0 The release characteristics of potassium chloride were 
studied when it was coated with a selection of polymers; from the results 
obtained, a suitable batch was microencapsulated using a gelatin-gum 
arabic coacervate system. The microencapsulated product offers better 
controlled release for this drug when compared to standard tablet and 
powder forms. 


Keyphrases Potassium chloride-preparation and release charac- 
teristics of microcapsules Polymers-various polymers and waxes in- 
vestigated for microencapsulation of potassium chloride 0 Microen- 
capsulation-symposium, preparation and release characteristics of 
potassium chloride microcapsules Drug release-potassium chloride 
microcapsules, preparation and release characteristics 


The satisfactory control of drugs in tablet or powder 
form from protective membranes is often difficult to 


achieve (1, 2). The present work investigated the mi- 
croencapsulation of a material that is usually given in a 
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Table I-Release Data for  Potassium Chloride from Various 
Coatings prior to Microencapsulation 


Drug Released 


Coating Material 
with Time, % 


2min 5min 


Cellulose acetate phthalate 
Cellulose acetate phthalate and wax coat 
Cellulose acetate phthalate over wax matrix 
Hydroxypropyl methylcellulose 
Hydroxypropyl methylcellulose and wax coat 
Hydroxypropyl methylcellulose over wax 


Cellulose acetate phthalate- 


Cellulose acetate phthalate- 


Ethylcellulose 
Cellulose acetate phthalate- 


Ethvlcellulose and wax coat 


matrix 


ethylcellulose (1:l) 


ethylcellulose (4:l) 


ethylcellulose (1:l) and wax coat 


42 
20 
37 
90 
30 
30 


40 


70 


56 
40 


28 


80 
48 
71 


100 
65 
66 


70 


90 


84 
68 


67 


slow-release form. Potassium chloride was chosen because 
it presents the risk that a large initial dose, or continuing 
smaller doses, will result in ulceration of the gut and in 
other side effects (3-8). 


BACKGROUND 


It was anticipated that a protective membrane around the drug crystals 
could result in a more satisfactory controlled release than is possible with 
conventional tableted forms, which often incorporate film polymers or 
sugar protective membranes in their outer portion. The gelatin-acacia 
coacervate microcapsule (9) was chosen as the protective membrane 
system because many of the coating technique parameters can be con- 
trolled. This system is normally limited to use with water-insoluble drugs. 
To coat a water-soluble drug with this coacervate membrane, the crys- 
talline material first must be protected from the aqueous environ- 
ment. 


A selection of polymers and waxes possessing both enteric and non- 
enteric properties was researched for this preliminary coat. They had to 
offer sufficient protection to the potassium chloride crystals and retard 
solution time to allow coating by the coacervate. Drug coated with these 
polymers did not constitute a microcapsule. The gelatin-acacia coacer- 
vate coat was required for connection with tableting studies on other 
diuretic drugs. 


EXPERIMENTAL 


Materials-The polymers and solvents were cellulose acetate 
phthalate' in ethanol-acetone, hydroxypropyl methylcellulose2 in eth- 
anol-chloroform, cellulose acetate butyrate3 in propylene glycol-acetone, 
and ethylcell~lose~ in ethanol. All concentrations were kept a t  8% (w/v). 
Carnauba wax and stearic acid were used in the wax investigations. 
Materials for microencapsulation were acacia BP and gelatin acid (Bloom 
250) at  a concentration of 2%(w/v). The solvent was distilled water. 


Yolymer Coating of Crystals-Potassium chloride, previously dried 
at 80" for 30 min, was placed in a spray-coating pan and several polymer 
coats were applied. The first coat consisted of 25 ml of 8% polymer solu- 
tion with a 50-g charge of potassium chloride. This coat was dried for 5 
min in hot air at 60". Subsequent coats (10 ml) of polymer solution were 
added and dried to give a total weight increase of 10-16%. 
Wax Coating of Crystals-A combination of carnauba wax (10 g) and 


stearic acid (5 g) was melted, and the potassium chloride (100 g) was 
dispersed to give a uniform coat. This mixture was allowed to cool slowly 
in a revolving coating pan. Discrete pellets of wax-coated drug were ob- 
tained. 


Polymer and Wax Coating of Crystals-The two previous methods 
were combined. The polymer-coated particles were subsequently wax 
treated to give up to 30% increase in weight. 


Microencapsulation of Coated Crystals-Equal volumes of acacia 


1 Eastman Kodak Co., Rochester, NY 14650. 
2 Imperial Chemical Industries, Nobel Division, Stevenston Ayrshire, Scot- 


3 Eastman Chemical Products. 
4 British Drug Houses, Poole, Dorset, England. 


land. 


and gelatin were prepared at  a concentration of 2% in distilled water. The 
acacia solution was stirred at -280 rpm at 41", and the membrane-coated 
potassium chloride crystals were introduced. The gelatin solution, also 
at  41", was added, and the pH was adjusted to 3.9. After satisfactory 
coating, formaldehyde was added, and the system was cooled to 5O to fix 
the coat. The microcapsules then were filtered and dried with ether. The 
extent of potassium chloride leakage was measured by flame photom- 
etry. 


Potassium Chloride Assay-A flame photometer was calibrated 
using standard solutions of potassium chloride in distilled water. The 
solutions consisted of 50,40,30, 20, and 10 mg of potassium chloride 
dissolved in 1 liter of distilled water. 


In dissolution studies, the sample was diluted 1 in 10 prior to passing 
through the photometer. Six independent readings were taken on each 
sample. To determine the total quantity of potassium chloride in the 
coated crystals and microcapsules, necessary for expressing the percent 
released, a 50-mg sample was refluxed with water prior to flame pho- 
tometry. 


Dissolution Studies-Preliminary Studies of Polymer- Wax-Coated 
Crystals-The in uitro dissolution of the coated crystals was studied at 
pH 2.0 using 2 liters of dissolution medium at 37" and 500 mg of coated 
drug. The stirrer speed was 100 rpm. Suitable aliquota were taken at  
1-min intervals, diluted where necessary, and assayed for potassium 
chloride content. 


In Vitro Dissolution of Microcapsules-A similar technique was used 
for the microcapsules. Five hundred milligrams of the microcapsules 
containing 310 mg of potassium chloride was dispersed in 2 liters of water 
adjusted to pH 2.0 with hydrochloric acid. Suitable aliquots were taken, 
diluted where necessary, and assayed for drug content using the flame 
photometer. 


In Vivo Studies on Coaceruate-Coated Potassium Chloride-A 
baseline for potassium chloride in urine was determined in four healthy 
volunteers over 48 hr. No special dietary instructions were given other 
than the avoidance of alcoholic drinks. Subsequently, 1 g of microcapsules 
containing 620 mg of potassium chloride in powder form was given. Urine 
samples were collected, measured, and assayed over 6 hr. 


RESULTS AND DISCUSSION 


Prior to microencapsulation by the gelatin-acacia coacervate system, 
it was necessary to protect the water-soluble potassium chloride from 
the aqueous environment. Cellulose acetate phthalate was chosen initially 
because its enteric properties prevent solution at the acidic pH of co- 
acervation. The coated material was assayed for active content and 
contained an average of 86% potassium chloride. The total input of core 
material could be accounted for within the coated crystals. 


The in uitro dissolution of the coated crystals was studied at  pH 2.0 
prior to microencapsulation. Table I shows that 42% of the drug was re- 
leased after 2 min and that 80% was released after 5 min. This rapid re- 
lease from cellulose acetate phthalate-coated potassium chloride was due 
in part to the large surface area available for solution and to the fact that 
cellulose acetate phthalate acts as a permeable membrane in the presence 
of ionic solutions. Under these pH conditions, it releases potassium 
chloride rapidly. 


Although the coated particles do not provide any delayed action, they 
were to be used as a basis for microencapsulation because the gelatin- 
acacia coacervate forms almost immediately and incorporation of the 
coated crystals is complete before potassium chloride leaches out. In this 
way, it is possible to microencapsulate a water-soluble drug within a 
gelatin-acacia coacervate coat. 


When the normal microencapsulation process (7) was attempted, 
microscopic observation showed numerous small coacervate droplets. 
Some drug had been encapsulated, but a high percentage had gone into 
solution, causing salting-out effects on the coacervate. A decrease in the 
turbidity of the system also indicated a gradual loss of coacervate, al- 
though it was not destroyed completely. This result is similar to the in- 
fluences of electrolytes on the complex coacervate system reported pre- 
viously (10, 11). 


Loss of drug was expected to be excessive. However, the microencap- 
sulation was continued, formaldehyde was added prior to cooling the 
system to 5", and the microcapsules were extracted in the usual way. 


Assay of these microcapsules yielded only a 12% potassium chloride 
content. The remainder was in the separated aqueous phase, so all of the 
drug was accounted for. Subsequent attempts to improve the quantity 
encapsulated were equally unsatisfactory. Large inputs, because of the 
increased aqueous potassium chloride concentrations that resulted, 
produced complete destruction of the coacervate. Attempts to use oil 
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Figure 1-Release of potassium chloride from cellulose acetate 
phthalate membrane and cellulose acetate phthalate membrane with 
outer wax coat a t  p H  2.0 in 2 liters a t  37". Key: 0, cellulose acetate 
phthalate membrane over potassium chloride, and 0, cellulose acetate 
phthalate membrane and outer wax coat over potassium chloride. 


suspensions of the coated drug were equally unproductive. 
A coating formulation employing cellulose acetate phthalate was un- 


satisfactory. Additional coating to retard water penetration through the 
polymer membrane was desirable, and carnauba wax and stearic acid were 
investigated. The carnauba wax would retard water penetration, and the 
stearic acid would act as a lubricant, which would prevent aggregation 
of the wax-coated particles. Both compounds also show enteric properties. 
The increase in weight due to this extra coating was 30%. 


An in uitro dissolution test was performed at pH 2.0 to study the release 
characteristics in acidic conditions. Figure 1 shows that the application 
of a carnauba wax-stearic acid-cellulose acetate phthalate coat retarded 
drug dissolution. After 5 min, 48% of the drug was released compared to 
80% with only a coat of cellulose acetate phthalate. However, when mi- 
croencapsulation was attempted, except a t  a low potassium chloride 
concentration, further additions of wax coats to the polymer did not 
significantly improve either the percent of potassium chloride encapsu- 
lated or the release characteristics. 


In a final attempt to use cellulose acetate phthalate, potassium chloride 
was incorporated in the wax matrix, resulting in larger sized particles. 
These particles were film coated with the same polymer concentration 
as was used previously. Dissolution at pH 2.0 was studied. Table I shows 
that 71% of the drug was released after 5 min. This procedure was less 
satisfactory than the previous applications of a wax coat applied to a 
polymer-covered particle and, therefore, would not be expected to pro- 
duce satisfactory microcapsules. 


Since surcessful microencapsulation was not achieved with any of the 
cellulose acetate phthalate-coated particles, different polymer coatings 
were studied. It was hoped that they would show a slower drug release 
in the presence of aqueous ionic systems. 


Cellulose acetate butyrate (17% butyrate) was investigated, but release 
from this polymer was significantly faster than with cellulose acetate 
phthalate. With hydroxypropyl methylcellulose, release was rapid but 
slightly slower than with the cellulose acetate'butyrate. Drug release was 
100% after 4 min when a simple polymer-coated particle was studied. A 
carnauba wax-stearic acid coat to this system produced a 65% release of 
drug after 5 min of dissolution. Potassium chloride incorporated in a wax 
matrix and film coated with hydroxypropyl methylcellulose produced 
a slightly slower release of drug than cellulose acetate phthalate but not 
to any significant extent. 


Although some of the polymer formulations retained large quantities 


of potassium chloride during the important first few minutes of coacer- 
vation, none produced satisfactory microcapsules due to the salt effect. 
Thus, a more hydrophobic preliminary coating was needed. Ethylcellulose 
was investigated because it is more hydrophobic than cellulose acetate 
phthalate but will mix with the latter. It was expected to improve the 
release characteristics and produce a smaller salt effect. 


Three formulations were prepared using four parts of cellulose acetate 
phthalate to one part of ethylcellulose, equal parts of both polymers, and 
ethylcellulose alone; the overall polymer concentrations were unchanged 
from those used previously. The functioning of these multipolymer sys- 
tems could be compared with that of the cellulose acetate phthalate 
coats. 


Partial in uitro dissolutions at pH 2.0 are shown in Table I. A mixture 
of the two polymers (1:l) offered theslowest release. However, the batch 
containing ethylcellulose alone was not significantly faster, and these two 
systems were studied further by coating with a wax matrix. 


The batch containing ethylcellulose plus a wax coat released 67% of 
the drug after 5 min, and that containing the mixed polymers and wax 
coat released 68% (Table I). Both formulations showed similar release. 
However, the batch containing ethylcellulose and a wax coat released 
potassium chloride more slowly in the initial stages, and it was this batch 
that subsequently produced a satisfactory microcapsule. Although the 
cellulose acetate phthalate formulation had a slower release when given 
a wax coat (Table I), it could not- be used because of problems arising 
during coacervation due to the ionic environment. 


Before subjecting the ethylcellulose-wax-coated drug to the complex 
coacervate system, possible changes in the microencapsulation process 
itself were considered. The objective was to introduce the coated cores 
to the coacervate system in such a way as to ensure that they had a pro- 
tective gelatin-acacia membrane surrounding them before the potassium 
chloride concentration leached into the equilibrium liquid could suppress 
coacervation. Reduction of coacervate volumes to a total of 100 ml pro- 
duced a suitable handling level a t  the extraction stage. With the small 
bench quantities used in this investigation, only about 30 sec was required 
for the core material to be incorporated within the coacervate. Reduction 
of temperature to fix this coat and prevent drug diffusion from the mi- 
crocapsules could be rapid; a t  25", formaldehyde was added. On reaching 
5", the microcapsules were filtered and dried with ether. The core content 
of potassium chloride obtained corresponded to 61% of the initial 
input. 


The in uitro dissolution of these microcapsules a t  pH 2.0 is shown in 
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Figure %-Release of potassium chloride from microcapsules ofethyl- 
cellulose-wax-coated potassium chloride and release from unmi- 
croencapsulated potassium chloride a t  p H  2.0 in 2 liters a t  37". Key: 
0, microcapsules; and 0, nonmicrocapsules. 


Journal of Pharmaceutical Sciences J 393 
Vol. 70, No. 4, April 1981 







UI 
0 


20 40 1 2 3 4 
MINUTES HOURS 


Figure 3-Mean differential release of potassium chloride. 


Fig. 2 along with the release characterstics of the ethylcellulose-wax- 
coated potassium chloride. The microencapsulated material had a slower 
release under these in uitro conditions. The total potassium chloride was 
released from the microcapsules after 1 hr. 


The in uiuo performances of these microcapsules is being investigated. 
Several delivery systems are being studied including tableting, and 
preliminary results show a significant delayed release of potassium 
chloride in some cases. Some preliminary in uiuo release results are shown 
in Fig. 3 where the mean differential release of potassium chloride mi- 
crocapsules prior to any formulatory processes is plotted. Over the first 
30-40 min after administration of the microencapsulated drug, there was 
a significant increase in released potassium chloride above that found 
under normal excretory conditions. It is believed that this increase cor- 
responds to loosely held potassium chloride associated with the wall of 
the microcapsule, possibly in solid solution. This initial release shows a 
quiescent period when the drug is probably diffusing toward the outside 


of the capsule but the potassium chloride found in urine is only that 
normally excreted. After 2 hr, the differential potassium chloride begins 
to show a progressive increase as the drug in the center of the microcap- 
sule diffuses out. 


In summary, whether a drug is water soluble or not, it can be mi- 
croencapsulated using the gelatin-gum arabic coacervate system. This 
system has many advantages due to the wide range of controllable pa- 
rameters that the system allows. 
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Abstract 0 Spectrofluorometry, either direct or in combination with 
a separation technique, provides a sensitive and accurate method for the 
determination of certain fluorescent analgesic drugs and the determi- 
nation of impurities in many combination preparations. A critical ex- 
amination of the UV spectra of common analgesics and related com- 
pounds indicates that the fluorescence inner filter effect should be neg- 
ligible below M and that selective excitation and emission wave- 
lengths should minimize interference from other fluorescent species. 
Fluorometric procedures are presented for the determination of sali- 
cylamide, acetylsalicylic acid, and salicylic acid, as an impurity, in 
preparations containing salicylamide, acetylsalicylic acid, acetaminophen, 
caffeine, and phenacetin as major constituents. Inner filtering is the 
limiting factor only for the direct and indirect determination of salicyl- 
amide and the direct determination of acetylsalicylic acid. Results of 
fluorometric determinations compare favorably with other reference 
methods. Salicylic acid is determined in the lo-? M concentration range 
after separation from salicylamide, acetaminophen, and caffeine. 


Keyphrases Salicylic acid-analysis, spectrofluorometry, impurity 
in multicomponent analgesic tablets 0 Salicylamide, aspirin-spectro- 
fluorometry, as major constituent in multicomponent tablets 0 Aspi- 
rin-spectrofluorometric determination of an impurity in drug combi- 
nations Spectrofluorometry-determination of salicylic acid, salicyl- 
amide, and acetylsalicylic acid in multicomponent analgesic tablets 


Various methods for the determination of salicylamide, 
acetylsalicylic acid, and salicylic acid, as an impurity, are 
available. However, with the advent of new instrumenta- 
tion, new drugs, and new drug combinations (Table I), 
many of these methods have become outmoded or are no 
longer specific. The present study developed new methods 
along with improvements in some older methods. 


BACKGROUND 


Methods for Acetylsalicylic Acid-Fluorometric (8,9) and phos- 
phorimetric (10) methods for the determination of acetylsalicylic acid 
in pharmaceuticals were reported. Other fluorometric methods involve 
fluorophore formation by conversion to salicylic acid (11,121. Many of 
these methods have never been examined for the effect of other constit- 
cylates that interfere with the direct determination of salicylamide. 
Additional steps to eliminate fluoresence interference from salicylic acid 
are needed for the many preparations containing acetylsalicylic acid and 
other fluorescent salicylates. Analyses by direct UV (4,5) and differential 
UV (6) spectrophotometry are both subject to interferences. One visible 
spectrophotometric method (7) involves a chromophore-producing re- 
action with ferric chloride reagent. 


Methods for Acetylsalicylic Acid-Fluorometric (8,9) and phos- 
phorimetric (10) methods for the determination of acetylsalicylic acid 
in pharmaceuticals were reported. Other fluorometric methods involve 
fluorophore formation by conversion to salicyclic acid (11,12). Many of 
these methods have never been examined for the effect of other constit- 
uents commonly found in recent preparations, such as other fluorescent 
salicylates and substances that absorb large amounts of exciting radiation. 
Direct UV methods for acetylsalicylic acid are based on prior separation 
from other components in the preparation (13-15). 


Methods for Salicylic Acid as Impurity-The salicylic acid content 
in acetylsalicylic acid used for pharmaceuticals is limited to 0.3-0.75%, 
depending on the type of preparation relative to the acetylsalicylic acid 
content. The USP/NF (16) methods of analysis require separation of 
salicylic acid from acetylsalicylic acid uia column chromatography after 


reaction with ferric chloride reagent. Other automated methods use ferric 
chloride reagent directly (17). Although this method works well for pure 
acetylsalicylic acid preparations, salicylamide also undergoes the same 
reaction with ferric reagents used for colorimetric determination (18). 
The salicylamide content of newer preparations often is as high as 40% 
of the total salicylate content. 


Schenk et al. (8) proposed a direct fluorometric method for the de- 
termination of salicylic acid in acetylsalicylic acid. Unfortunately, in their 
solvent system, both salicylic acid and salicylamide excite and fluoresce 
at  virtually the same wavelengths. Other methods involving chromo- 
phore-forming reactions (19) and high-pressure liquid chromatographic 
separations (20,21) were proposed but never evaluated for interference 
by other sample constituents common in multicomponent prepara- 
tions. 


EXPERIMENTAL' 


Solvents-All fluorescence work was done with fluoro grade alcohol 
prepared by percolation through 30-40-cm columns of activated coconut 
charcoal2 (40-80 mesh). After the first 50-ml portion (contaminated) was 
discarded, each column produced 5-10 liters of fluorescence quality al- 
cohol. 


The fluoro grade chloroform used was prepared by vigorous extraction 
with 0.45 M NaOH, two washings with small volumes of water, and fil- 
tration through chloroform-moistened filter paper. 


Organic Reagents-The salicylamide3 was freed from the salicylic 
acid impurity by recrystallization from hot concentrated chloroform 
solution. [Alternatively, salicylic acid could be extracted from salicyl- 
amide in chloroform by two washings with 5% sodium bicarbonate 


The acetylsalicylic acid4 was purified of an unacceptable amount of 
salicylic acid by two recrystallizations from hot saturated chloroform; 
fluorometric analysis (8) demonstrated that a third recrystallization was 
unnecessary. 


Caffeine citrate5 was freed from citric acid by extraction with chloro- 
form from a nearly saturated aqueous solution at pH 8.0 (ammonia). After 
filtration, the evaporated chloroform gave a white powder with a UV 
spectrum comparable to that of Sunshine and Gerber (23). 


Samples of acetaminophen6 and phenacetin7 were used without further 
purification. 


Determination of Salicylamide Alone-To determine salicylamide 
in the absence of acetylsalicylic acid, salicylic acid, or buffers, a tablet, 
capsule, or powder (equivalent to 50-100 mg of salicylamide) was placed 
in a 100-ml volumetric flask, and -50 ml of methanol was added. The 
sample tablet form was crushed, shaken, and diluted to volume with 
methanol. After insoluble materials settled, a 0.1-ml aliquot was diluted 
to 100 ml with methanol and filtered through medium-speed filter paper. 
The first 20 ml of the filtrate was discarded, and the fluorescence of the 
next 50 ml was measured using the instrument settings in Table 11. A 
blank reading was subtracted from the sample fluorescence reading by 
running a methanol blank for each lot of filter paper. A standard curve 


w9.1 


Fluorescence measurements were taken on a Perkin-Elmer MPF-2A spectro- 
fluorometer. Absorption spectra were taken on either a Beckman DK-PA spectro- 
photometer or a Cary-14 spectrophotometer; a Coleman Jr spectrophotometer was 
used for quantitative measurement in the visible region. GLC analysis was done 
on a Perkin-Elmer 3920 chromatograph (flame-ionization detector, glass column 
packed with 3% OV-17 on Gas Chrom Q,  100-120 mesh). 


Fisher, 50-200 mesh (remeshed to above specifications). 


Reagent grade, Baker Chemical Co. 
USP grade, Merck. 
N F  sample, courtesy of Wyeth Laboratories. 
USP grade, American Pharmaceutical Co. 


3 Practical grade, Eastman. 
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Table I-Contents of Analgesics 


Unit Dosage, mg 
Acetyl- 


Prepa- Salicyl- salicylic Acetamino- 
ration amide Acid phen Caffeine Other 


A 200 - - - Methapyrilene hydrochloride, 25; 


B 250 - - - Ascorbic acid, 50; ipecac and opium powder, 24; 


100 C 


16 
D 
E 97 324 
F 65 210 115 16 


H 129.6 194.4 162 - Methawrilene fumarate. 25 
G 


scopolamine aminoxide hydrobromide, 0.25 


race hedrine hydrochloride, 5.0; 
pyrikmine maleate, 12; phenacetin, 120 


- 
a -a - 


- 150 
-a 


150 
- - 


- 
- 


- 


- 129.6 194.4 97 64.8 


Unspecified quantity. 


of fluoresence versus concentration was prepared using 0-1.4 X M 
salicylamide in methanol. 


Determination of Salicylamide in Acetylsalicylic Acid, Salicylic 
Acid, o r  Buffers-The tablet(s), capsule contents, or homogeneous 
powder (56100 mg of salicylamide) WBB weighed into a 100-mlvolumetric 
flask, and -75 ml of chloroform was added. After agitation for 10 min, 
the solution was diluted to volume with chloroform and filtered through 
a medium-speed filter paper. [This solution also may be used to determine 
acetylsalicylic acid and salicylic acid (Scheme I).] A 10-ml aliquot was 
transferred to a 60-ml separator, and 20 ml of chloroform and 10 ml of 
pH 7.0 phosphate buffer (24) were added. Then the solution was ex- 
tracted. 


Before the chloroform extract was filtered, a filter paper blank was run 
by running 100 ml of chloroform through the filter paper and measuring 
the chloroform fluorescence (Table 11). If the blank exceeded 3% of full 
scale, a different lot of filter papers was used. The extracted chloroform 
layer was filtered through chloroform-wet filter paper into a 100-ml 
volumetric flask. The aqueous phase was extracted twice more with 30 
ml of chloroform each time, and the extracts were combined and diluted 
to volume with chloroform. Dilution of 0.20 ml of chloroform solution to 
25 ml with chloroform was performed, and the fluorescence was measured 
(Table 11). The chloroform-wet filter paper blank was subtracted from 
each reading. A standard curve was prepared from standards of 0-10 X 


M salicylamide treated in the same manner as the samples. 
Determination of Acetylsalicylic Acid-The tablets or capsule 


contents were weighed and ground. The resulting homogeneous powder 
(50-300 mg of acetylsalicylic acid) was weighed into a 100-ml volumetric 
flask. Chloroform (75 ml) was added, and the solution was agitated for 
10 min and diluted to volume with chloroform. The solution was filtered 
through medium-speed filter paper, and a 0.1-ml aliquot was diluted to 
100 ml with 1% acetic acid-chloroform. The fluorescence was measured 
using the settings in Table 11. A blank reading was subtracted from the 
sample fluorescence reading by running. a chloroform blank for each lot 
of filter paper. A standard curve of fluorescence uersw concentration was 
prepared using 0-1.7 X M acetylsalicylic acid in 1% acetic acid- 
chloroform. 


Determination of Salicylic Acid in  Salicylamide (No Acetylsal- 
icylic Acid)-Ten tablets or the contents of 10 capsules of samples 
without acetylsalicylic acid were weighed and ground to homogeneity. 
A portion of this powder (100 mg of salicylamide) was weighed into a 
100-ml volumetric flask, and 75 ml of chloroform was added. The solution 
was agitated for 10 min and diluted to volume with chloroform. A suitable 
aliquot, such as 10 ml, was filtered through medium-speed filter paper 
and transferred to a 60-ml separator. Another 20 ml of chloroform was 
added with 10 ml of pH 7.0 phosphate buffer (24), the solution was ex- 
tracted, and the chloroform layer was discarded. The process was re- 
peated three more times with 30-ml chloroform volumes, and the chlo- 
roform was discarded. 


The aqueous phase was extracted with 10 ml of chloroform and 2.0 ml 
of 2.0 M HCl. The chloroform layer was filtered through chloroform-wet 
filter paper into a 50-ml volumetric flask. The aqueous phase was ex- 
tracted with two additional 10-ml portions of chloroform and filtered, 
and the three extracts were combined. The solution was diluted to vol- 
ume, and the fluorescence of the solution was measured (Table 11). 


A blank was run on the filter paper using chloroform, and the blank 


8 Medium speed, Whatman. 


reading was subtracted from the sample fluorescence reading. These 
readings were compared to a salicylamide control in the same concen- 
tration range as the sample (7.3 X LO-3 M )  and salicylic acid standards 
(3.0-9.0 X 


Determination of Salicylic Acid in Salicylamide and Acetylsali- 
cylic Acid-The previous procedure was followed with the following 
changes: ( a )  the sample size contained 45 mg of acetylsalicylic acid; ( b )  
on addition of the pH 7.0 buffer, the salicylic acid was extracted into 
chloroform as quickly as possible with a reproducible technique; (c) a 
suitable acetylsalicylic acid control in the 2.6 X M range was sub- 
stituted for the salicylamide control; and ( d )  salicylic acid standards in 
the 0.7-7.0 X 


M ) ,  which were extracted in the same manner. 


M range were used. 


DISCUSSION 


UV Absorption of Salicylates and Related Compounds-The re- 
moval of a proton from salicylamide alters its UV spectrum. In alcohol, 
the salicylamide anion is produced by saturation of the solution with 
small quantities of sodium bicarbonate or sodium carbonate. In aqueous 
solution or in methanol, this anion has twice the molar absorptivity of 
molecular salicylamide, and its UV maximum shifts to 330 nm (23). In 
contrast, salicylic acid does not exhibit this effect in aqueous solutions 
(23). 


The molar absorptivities and wavelengths of maximum absorption of 
acetylsalicylic acid and salicylic acid in chloroform and 1% acetic acid- 
chloroform are not significantly different (8). Thus, the lowest energy 
electronic transition should be approximately the same in both solvent 
systems. 


Fluorescence of Salicylates and Related Compounds-For sali- 
cylates and related compounds, emission in the 330-360-nm region of 
the spectrum has been postulated as arising from the neutral molecule 
(8, 25). Emission in the 400-450-nm region of the spectrum originates 
from the dipolar ion formed within the lifetime of the S1 state uia either 
inter- or intramolecular proton transfer (8,25-28). 


For salicylamide in methanol, the 340-nm emission is weak relative 
to that a t  420 nm. The fluorescence emissions at  410 and 420 nm are 
postulated as arising from the zwitterion formed uia intramolecular 
transfer within the lifetime of the S1 state (26,27). In methanolic solution, 
the 410-nm emission arising from the 333-nm excitation, which only oc- 
curs to a small extent, can be suppressed almost completely with small 
amounts of acid. In methanolic solution with traces of base, the UV 
maximum shifts from 300 to 330 nm and the emission at 410 nm is greatly 
enhanced because the 330-nm UV band is twice as intense as that of the 
neutral species and because the quantum yield for this form of the mol- 
ecule is an estimated 20 times that of the neutral molecule. It then appears 
that the anion is more rigid than the molecular form of salicylamide, 


Table 11-Instrumental Conditions for Spectrofluorometric 
Determinations 


Ingredient Wavelength, nm Slit Width, nm 
Determined Excitation Emission Excitation Emission 


Salicylamide 
In methanol 300 425 10 10 
In chloroform 315 445 10 20 


Acetylsalicylic acid 280 335 10 20 
Salicylic acid 315 445 10 10 
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Sample Preparation Measurement Step 


dissolve sample in 100 ml of chloroform* - dilute (0.1:lOO)with 
1% acetic acid-chloroform 


determine acetylsalicylic acid J 
take 10-ml aliquot 
add pH 7.0 buffer (10 ml)  - recover chloroform 1 


and chloroform (20 ml) 
extract 


J 
dilute with chloroform 


dilute (0.2:25) with chloroform t determine salicylamide 


to 100 ml 


J extract with chloroform t- 


( 2  x 30 ml) recover chloroform 


I 
extract with chloroform 
(30 ml) and discard 
chloroform layer 


add 2.0 M HC1 (2.0 ml) 
extract with chloroform - recover chloroform - to 50 ml 


dilute with chloroform 


determine salicylic acid (3 x 10 ml)  
Scheme I-Determination of salicylamide, acetylsalicylic acid, andlor salicylic acid in a multicomponent sample that may contain salicylamide, 
acetylsalicylic acid, acetaminophen, caffeine, andlor salicylic acid as an impurity. (* Sample must contain appropriate amounts of salicylamide 


and acetylsalicylic acid for subsequent determination of salicylamide, acetylsalicylic acid, and salicylic acid as an impurity.) 


possibly because the negatively charged oxygen atom can form a strong 
hydrogen bond to the adjacent ortho group. The molecular form thus will 
be less rigid, allowing an increase in the overall rate of internal conversion 
to the ground state. In addition to fluorescing in methanol, salicylamide 
also fluoresces weakly at 325 nm and intensely at  445 nm in chloro- 
form. 


In designing a fluorometric method for salicylamide, excitation was 
done at 300 nm rather than at the 310-nm excitation maximum. Excita- 
tion at 300 nm seemed to produce more reliable fluorescence emission 
readings since the 310-nm excitation is more sensitive to small changes 
in the quality of methanol. At this wavelength, good quality spectrograde 
methanol (which gives a low fluorescence emission blank) could be sub- 
stituted for fluorescent grade solvent. Partly because pharmaceutical 
preparations contain basic buffers to reduce GI bleeding from aspirin, 
a possible fluorometric method for salicylamide in basic methanol solvent 
was tested. Saturation of methanol with sodium bicarbonate produced 
only partial (75%) conversion to the highly fluorescent anion, while sat- 
uration of methanol with sodium carbonate produced complete conver- 
sion. Other buffers such as magnesium carbonate, dihydrogen citrate, 
and magnesium hydroxide, which frequently are incorporated in phar- 
maceutical preparations, probably also could cause large variations in 
the 425-nm fluorescence emission. Inner filtering by acetaminophen, 
caffeine, and phenacetin was negligible. 


The methodology was tested on several preparations with sodium 
carbonate-saturated methanol and 330-nm excitation. A further dilution 
(1: lO) of the samples was required to keep the fluorescence readings on 
scale and the UV absorbance at the excitation wavelength low enough 
for negligible inner filtering. Although salicylamide was 100% converted 
to its anion, acetaminophen was converted only partially to its anion in 
this buffer. Large variations in the acetaminophen content of the sample, 
particularly when in combination with other buffers, may alter the per- 
cent conversion of salicylamide and/or acetaminophen to their anionic 
forms even in sodium carbonate-saturated methanol. (The anion of 
acetaminophen absorbs strongly and at longer wavelengths than the 
neutral molecule.) In addition, a previous study (3) reported that sali- 
cylamide decomposes in strong alkaline solution. 


For excitation of samples a t  300 nm in methanol, all samples must be 
excited under uniform conditions. The fluorescence emission readings 
increased in a reproducible manner with respect to the excitation time. 
For the most reliable readings, the sample should not be excited unless 
the fluorescence emission is to be read immediately. 


The fluorescence of acetylsalicylic acid in chloroform and chloro- 
form-aliphatic acid mixtures was described prviously (8). In methanol 


and methanol-1% acetic acid, acetylsalicylic acid does not appear to 
fluoresce as in the chloroform-aliphatic acid solvent systems. 


A single fluorescence emission peak in both chloroform and methanol 
was observed for salicylic acid. For salicylic acid, intramolecular proton 
transfer to the excited carbonyl oxygen occurs within the lifetime of the 
lowest excited singlet state (25). In chloroform, low concentrations (1%) 
of various aliphatic acids produce an additional fluorescence emission 
band in the 350-400-nm region. In methanol, the fluorescence emission 
at 400 nm is diminished almost completely by 0.5% acetic acid when ex- 
cited at 295 nm. 


Methodology-The National Formulary specifies that salicyl- 
amide-containing tablets contain 100 f 5.0% of the labeled content. The 
acetylsalicylic acid content of acetylsalicylic acid-containing capsules 
(NF) must be within 100 f 7.0% of the labeled content, and tablets (USP) 
must contain 100 f 5% of the labeled content. Neither the USP nor the 
NF have established limits of purity for salicylamide with respect to 
salicylic acid as an impurity, but both specify limits for purity of acetyl- 
salicylic acid with respect to salicylic acid as an impurity (0.3% in capsules 
and 0.75% in tablets). 


Factors Affecting Fluorescence Assay Procedures for Salicyl- 
amide in Preparations Containing No Acetylsalicylic Acid, Salicylic 
Acid Impurity, or Buffers-The salicylamide excitation band at 330 
nm is extremely sensitive to solvent conditions. Thus, excitation at 330 
nm was attempted in methanol, and then the specimen was reexcited 
after a trace of acetic acid was added. The difference between the two 
readings was linear in the M range. Actual tablets contain ingredi- 
ents that make this effect less useful for analytical purposes. 


Other solvents were tested for analytical use. Although salicylamide 
fluoresced with greater efficiency in n-propanol and ethanol, n-propanol 
is not purified as easily as methanol, and ethanol is not as readily avail- 
able. Chloroform was found to quench fluorescence. 


Since acetaminophen, caffeine, and phenacetin also absorb in the re- 
gion of salicylamide excitation, the possibility of an inner filter effect from 
any or all of these compounds was evaluated. At  the levels normally 
present in pharmaceutical preparations, acetaminophen, caffeine, and 
phenacetin did not cause an inner filter effect in the present spectroflu- 
orometric method. 


RESULTS 


Results of spectrofluorometric determinations compared favorably 
with those of several reference methods when corrections were applied 
and the reference methodology was modified for suitable sample handling 
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Table 111-Determination of Salicylamide in Pharmaceuticals 
Containing No Acetylsalicylic Acid or Salicylic Acid ImDurity 


Salicylamide Determined, mg 
Reference Percent 


Preparation Method Fluorescence Error 


A" 221 f 96 218 f 7c -1.4 
BC 


Lot X 239 f 2d*e 234 f 5d -2.1 


Cg 150.7h,' (152~5~J)  151.1 f l .Ok  +0.3 (-0.9j) 
146.4b - +3.2 


Df 96.5hJ 98.8 f 0.4k +2.4 


Lot Y 251 f sdve 248.6 f 2.3f - 


a Unit dose analysis. b GLC using phenacetin as the internal standard. Average 
of six determinations. d Average of four determinations. Modification of Sun- 
shine's salicylic acid method using Trinder's reagent (29). f Average of 12 deter- 
minations. g Aliquot representative of a unit dose taken from 10 unit doses com- 
bined and homogenized. Differential UV. 1 Value corrected for error due to 
acetaminophen content. I Value not corrected for acetaminophen content. Av- 
erage of two determinations. 


(Tables 111-VI). Calibration curves were only linear to 100 mg/100 ml of 
salicylamide in the original sample (7 X M) due to inner filtering; 
analytical results were most accurate when determined graphically with 
calibration standards that closely approximated the salicylamide con- 
centration of the samples. When some of the same samples were excited 
at 313 nm in a filter fluorometer (mercury arc source), poor results were 
obtained due to the high amplification needed to measure the fluores- 
cence emission. 


Determination of Salicylamide in Preparations Containing 
Acetylsalicylic Acid or Salicylic Acid Impurity-If salicylic acid may 
be present, it is best to separate it from salicylamide before fluorescence 
analysis. Studies in this laboratory indicate that salicylamide is never 
completely recovered in chloroform at  any pH by equal volume extrac- 
tions (Fig. 1) and that better recoveries should result a t  a lower pH ex- 
traction than 5% sodium bicarbonate as previously reported (22). The 
behavior of acetylsalicylic acid and salicylic acid is similar; neither is 
extracted well with chloroform at  pH > 5. At pH < 3, acetylsalicylic acid 
and salicylic acid extract significantly into chloroform. Therefore, any 
analytical separations must be done at pH 6-7. 


The solubility of acetaminophen in chloroform is low (0.3 gAiter), and 
extraction into chloroform is not possible a t  any p H  therefore, accurate 
distribution ratio values, D, could not be determined. In contrast, caffeine 
is completely soluble in chloroform and is extracted so completely by 
chloroform over the pH range studied that accurate D values could not 
be determined for this compound either. 


After three extractions, salicylamide was -98% recovered from the 
aqueous phase. The salicylic acid, with -50% of acetylsalicylic acid, re- 
mained in the aqueous phase at  pH 7. After extraction with chloroform 
at  this pH, all acetaminophen remained in the aqueous phase and all 
caffeine was in the chloroform with salicylamide. Solutions of molarities 
similar to those of the sample solutions were tested for inner filtering 
effects. No inner filtering by acetylsalicylic acid, acetaminophen, and 
caffeine was observed. 


The effect of adding buffers to the pharmaceutical preparations was 
never critically evaluated. These compounds were assumed to be too 
insoluble in chloroform to alter the pH of the aqueous buffer (0.067 M )  
when equilibrated with it. 


Although salicylamide has a larger molar absorptivity in chloroform 
than in methanol, it has a much lower quantum efficiency of fluorescence 
in chloroform. In spite of the former characteristic, accurate results are 
easily obtained in the 0-100-mg range. Self inner filtering begins a t  


Table IV-Determination of Salicylamide in Pharmaceuticals 
Containing Acetylsalicylic Acid and Salicylic Acid as Impurity 


~ ~ _ _ _ _ _ _  


Salicylamide 
Determined, mg Salicyl- 


Prepa- Differential Fluores- Percent amide b .  Percent 
ration uva cence Errora mg Errorbvc 


~~ 


E 102 96.7 -5.4 96.1 +0.6 
F 66.8 62.1 -7.0 64.1 +1.1 
G 134 130.4 -2.7 129.6 +0.6 
H 134 128.2 -4.3 127.8 +0.3 


a Differential UV uncorrected for interference due to the presence of acetylsal- 
icylic acid and acetaminophen. * Differential UV corrected for the presence of 
acetylsalicylic acid and acetaminophen. Caldated by %Eo- Edu. to s e a t y ~ e v ~ c  a&d 
- %Edus to acetaminophen 


- t 
Figure I-Distribution of pharmaceuticals between chloroform and 
aqueous phosphate buffers. Key: a, caffeine; b, salicylamide; c, acetyl- 
salicylic acid; d, acetaminophen; and e, salicylic acid. 


concentrations of >3 X M salicylamide in the final solution. For 
accurate results, samples should be compared to extracted standards of 
similar salicylamide content. Comparison to extracted standards elimi- 
nates the need for extraction efficiency corrections; the extracted stan- 
dards serve as controls. 


Determination of Acetylsalicylic Acid in Preparations Con- 
taining Salicylamide, Acetaminophen, and Caffeine-Many prob- 
lems associated with the fluorometric determination of acetylsalicylic 
acid in aspirin tablets have been solved (8), including excitation and 
emission wavelengths, concentration ranges, choice of a suitable solvent 
(level of acetic acid for enhancement of fluorescence), and elapsed time 
between dissolution and analysis. However, the effects of other constit- 
uents found in recent complex pain-relief preparations were never 
evaluated fully. 


For example, caffeine has its UV maximum at  the same wavelengths 
as acetylsalicylic acid and the acetylsalicylic acid-acetic acid complex 
but has approximately six times the molar absorptivity. At  low caffeine 
to acetylsalicylic acid ratios (expressed in milligrams) in pharmaceutical 
preparations, caffeine was not found to inner filter. However, a t  ratios 
greater than 1:l in preparations containing large amounts of acetylsali- 
cylic acid, the absorbance at  280 nm was so large that inner filtering be- 
came significant. The presence of acetaminophen was never a problem 
at  low acetaminophen to acetylsalicylic acid ratios (expressed in milli- 
grams) but became a problem at  ratios greater than 2:1 where large 
amounts of aspirin were being determined. Typical content ratios for 
these compounds in newer preparations are 0.1 < acetaminophen (mil- 
ligrams)/acetylsalicylic acid (milligrams) < 1.0 and 0.0 < caffeine (mil- 
ligrams)/acetylsalicylic acid (milligrams) < 0.4. 


For the determination of acetylsalicylic acid in the presence of sali- 


Table V-Determination of Salicylic Acid in Pharmaceuticals 
Containing Salicylamide and No Acetylsalicylic Acid 


Determined Correction for 
Salicylamide by Extracted Salicylic Acid 


Prep- Content of Fluorescence, Salicylamide, per Unit 
mg mg Dose, mg aration Sample, mg 


A 109 0.006 -0.008 -0.002 
B 


LotX 164 0.013 -0.011 t0.002 
LotY 169 0.013 -0.011 +0.002 


C 92.0 0.004 -0.006 -0.002 
D 84.0 0.004 -0.006 -0.002 
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Table VI-Determination of Acetylsalicylic Acid and Salicylic Acid as Impurity in Pharmaceuticals Containing Salicylamide 


Salicylic Acid 
Acetylsalicylic Acid Determined by Fluorescence 


Prepa- per Unit Dose, mg Percent Salicylic Acid Salicylic Acid with Respect 
ration Fluorescencen Tit r a t i o n Error per Unit Dose, mg to Acetylsalicylic Acid Content, % 


E 328.0 f 0.8 
F 221.0 f 3.5 
G 198.4 f 0.6 
H 210.2 f 1.0 


323.4 f 1.4 +1.4 1.64 
213.3 f 0.3 +3.5 0.94 
- - 0.46 


207.0 f 0.5 +1.7 1.15 


0.49 
0.43 
0.23 
0.55 


(I Triplicate analysis. 


cylamide, several simultaneously competing effects are possible. Although 
salicylamide exhibits a UV minimum at 260 nm, it has a band at 270-340 
nm with a molar absorptivity at 307 nm, which is approximately six times 
that of acetylsalicylic acid a t  its maximum. Hence, inner filtering of ex- 
citational radiation is possible where large amounts of acetylsalicylic acid 
are to be excited at  280 nm with a high weight ratio of salicylamide to 
acetylsalicylic acid. Since the 307-nm absorption band of salicylamide 
is extremely wide, inner filtering of the 335-nm acetylsalicylic acid 
emission also is possible. In addition, the 445-nm salicylamide emission 
band is broad so that a small positive interference from salicylamide 
emission actually is observed when measuring the acetylsalicylic acid 
emission at  335 nm. At smaller ratios of salicylamide to acetylsalicylic 
acid and small amounts of acetylsalicylic acid, the sum of these three 
effects is negligible. Typical content ratios in newer preparations are 0.2 
5 salicylamide (milligrams)/acetylsalicylic acid (milligrams) I 1.3. 


Any pharmaceutical preparation containing acetaminophen and caf- 
feine probably can be analyzed rapidly and accurately for acetylsalicylic 
acid content spectrofluorometrically. Any inner filtering can be avoided, 
at least in theory, by diluting the sample to <0.05 absorbance unit at 280 
nm and using higher signal amplification. However, any positive error 
from salicylamide cannot be removed by dilution. At  lesser content ratios, 
salicylamide does not contribute more than 1% positive error to the de- 
termination. Since the two emission peaks of the salicylamide-acetyl- 
salicylic acid system are well resolved and can be read on approximately 
the same instrument sensitivity, multicomponent system calculations 
should be applicable if a large salicylamide to acetylsalicylic acid ratio 
is encountered. 


Results of spectrofluorometric determinations compared favorably 
with nonaqueous titrations using chlorophenol red indicator. This indi- 
cator was not stable in the sample, and additional indicator was required 
as the titration proceeded; the end-point was still indistinct. In the 
end-point region, the kinetics of the titration became slow. The combi- 
nation of these two titrimetric effects may have caused part of the overall 
positive error observed (Table VI). (Tablet Preparation F had the largest 
positive error but the lowest salicylamide to acetylsalicylic acid content 
ratio; the percent error due to salicylamide content was -+0.3% for 
Preparations E and F and +0.6% for Preparations G and H.) 


Determination of Salicylic Acid in Salicylamide-Containing 
Pharmaceuticals-Since salicylamide is separated so easily from sali- 
cylic acid, the salicylic acid content of salicylamide-containing phar- 
maceuticals should be negligible. Analysis of reagent grade salicylamide 
proved that the reagent contained significant amounts of salicylic acid; 
the salicylic acid content was not homogeneously distributed. Conse- 
quently, a method for the determination of salicylic acid content of sal- 
icylamide is necessary to ensure the purity of the salicylamide standard 
used for the direct spectrofluorometric analysis of salicylamide in 
methanol. This method also is applicable to pharmaceuticals containing 
salicylamide. 


For the determination of salicylic acid in pharmaceuticals not con- 
taining acetylsalicylic acid, the only constituent of the sample solution 
prepared for analysis should be salicylic acid. In practice, small amounts 
of salicylamide appear in the final sample solution but can be compen- 
sated for by running a salicylic acid-free salicylamide control with the 
samples. The correction is linear from 50 to 300 mg of initial salicylamide 
content. Due to the reduced recovery of salicylic acid (89.4 f 2.3%), 
samples should be compared to extracted standards to eliminate the need 
for percent recovery corrections. These standards also can serve as con- 
trols. With correction for residual salicylamide content, the detection 
limit for the determination of salicylic acid in samples containing 100 mg 
of salicylamide is -0.05% of the total salicylamide content. 


Determination of Salicylic Acid in Pharmaceuticals Containing 
Salicylamide and Acetylsalicylic Acid-One important problem in 
analyzing any preparation containing acetylsalicylic acid is that acetyl- 
salicylic acid is hydrolyzed to salicylic acid in aqueous solution. A t  high 


pH, the acetylsalicylic acid is hydrolyzed immediately; in neutral and acid 
solution, the hydrolysis rate is slow enough that it can be compensated 
for accurately (0.007 f 0.0010 mg/min and 0.0012 f 0.0003 mg/min, re- 
spectively). In the present analyses, the hydrolysis rates were constant 
over the time required for the separation of acetylsalicylic acid from 
salicylamide, acetaminophen, and caffeine by extraction. The rates were 
not determined for various concentrations of acetylsalicylic acid so that 
the acetylsalicylic acid content of the initial sample in this method was 
limited to 45 f 2 mg of acetylsalicylic acid. For best results, a previously 
analyzed USP grade acetylsalicylic acid control containing the same 
amount (within f 2  mg) of aspirin as in each sample should be processed 
with the samples and standards. Standards should be within the 0.014.1 
mg of salicylic acid concentration range in the original sample. Any 
samples not within this range after extraction should be diluted and then 
remeasured. 


In processing samples for salicylic acid determination, each sample 
must be extracted completely before the next sample is started rather 
than processing many samples simultaneously. (However, once in the 
final chloroform solution, the sample can be read within 1 hr.) This 
process keeps acetylsalicylic acid corrections small. The upper limit was 
set at 10 min for the extraction of each sample. 


All of the preparations analyzed were within NF specifications with 
respect to the salicylic acid content. 


CONCLUSIONS 


Fluorometric analysis of pharmaceutical preparations for salicylamide 
and acetylsalicylic acid and salicylic acid as an impurity in salicyl- 
amide-containing preparations is relatively free of interference from other 
associated compounds. This may not be the case with other reported 
methods that have never been evaluated for combination preparations. 
Analysis time is short, and results of determinations compare favorably 
with other reference methods for a wide variety of combination prepa- 
rations. 
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Abstract 0 A bead-bed dissolution apparatus for suppositories was 
evaluated by measuring the release of benzocaine from various vehicles. 
During dissolution, suppositories soften, deform, disintegrate, and 
eventually pass through a phase change from a solid to an oil. The control 
of the interfacial area during dissolution is a key factor in obtaining ex- 
perimentally reproducible release data. The proposed suppository dis- 
solution apparatus was designed to provide greater constancy of the ex- 
posed suppository area for dissolution. The apparatus consisted of a glass 
bead-bed containing the suppository. A continuous flow of liquid was 
passed through the bead-bed at  a constant rate. Direct contact of the 
suppository was maintained with the dissolution medium, confining the 
suppository within the beads. 


Keyphrases 0 Suppositories-evaluation of a bead-bed dissolution 
apparatus, drug release rate 0 Dissolution-bead-bed apparatus for 
suppositories, evaluation, drug release rate Drug release-supposito- 
ries, evaluation of a bead-bed dissolution apparatus 


Benzocaine was selected as a model compound with both 
a low melting (33.5-35.5’) and a high melting (37-39”) 
glyceride-type suppository base. In vitro release of ben- 
zocaine decreased as the melting point of the suppository 
increased. Reproducibility of the complete release curves 
was acceptable. Drug release also was affected by the 
temperature of the dissolution media, increasing, de- 
creasing, and increasing again at  certain temperatures. 
This finding was related to the ability of the beads to 
penetrate the surface of the suppository when the sup- 
pository softened. Release profiles, however, were repro- 
ducible a t  the temperature studied. The proposed bead- 
bed dissolution apparatus should offer an improved means 
for measuring drug release from suppositories. 


BACKGROUND 


Suppositories, administered either vaginally or rectally, are utilized 
as a dosage form for various drugs (1). Recent reports investigated the 
use of vaginally administered prostaglandins for fertility control and also 
emphasized certain advantages of this mode of drug therapy, e.g., self- 
administration and single-dose therapy (2-9). This continued interest 


in suppositories and suppository bases (10) has led to the recognition that 
a dissolution test would be helpful during the initial phase of dosage form 
design. In addition, such a test would provide valuable information on 
the effect of storage time and temperature on the subsequent in  uitro 
release profile. 


The methods used for testing drug release rate characteristics of sup- 
positories in uitro can be classified in terms of five general types (Fig. 1). 
The first type consists of simple placement of the suppository in a flask 
or beaker (11-15). The second type utilizes an existing tablet dissolution 
apparatus that provides a wire mesh basket for holding the sample 
(16-22). The third and fourth types employ a membrane; the third con- 
sists of a sample chamber separated from a reservoir by a membrane 
(23-33), whereas the fourth employs dialysis tubing or a natural mem- 
brane (33-46). The fifth type involves a flow system in which the sample 
is placed on cotton or a wire screen (47,48). 


One basic problem in testing for drug release from a suppository is that 
the suppository softens, deforms, melts, or disintegrates during the test, 
exposing a variable interfacial area to the dissolution medium. Because 
the release rate is dependent on the interfacial area, the variability of this 
factor leads to poor test reproducibility. 


Membranes have been used to control the interfacial area on the 
principle that when the suppository softens, it would spread over the 
entire membrane, restricting the area exposed to the dissolution fluid. 
Bhavnagri and Speiser (24) designed a type three apparatus with a rel- 
atively small sample chamber. Others (39,42) used a relatively small bag 
in a type four apparatus to restrict the interfacial area. 


The need to control the interfacial area is important, but the intro- 


‘. *. 3. 
BEAKER BASKET MEMBRANE DIFFUSION 


DIALYSIS CELL CONTINU~;S FLOW 


Figure 1-Suppository dissolution methods. 
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for the determination of the low nanogram concentrations 
of I in plasma following administration of therapeutic 
doses to humans (6, 7). However, none of the reported 
procedures can approach the simplicity, sensitivity, and 
speed of radioimmunoassay. We now report a specific and 
sensitive radioimmunoassay for I that permits its quan- 
titation directly in plasma or blood. 


To obtain antibodies to I ,  an immunogen first was pre- 
pared by covalently coupling 3-hemisuccinyloxyfluni- 
trazepam to bovine serum albumin using the mixed an- 
hydride procedure of Erlanger et al. (8). The resulting 
conjugate consisted of 18 moles of the hapten coupled to 
1 mole of albumin. Rabbits were immunized intradennally, 
and the antiserum with the highest titer (1:3000 dilution) 
of antibodies to I was used. 


The radioligand used for the assay was [methyL3H]- 
flunitrazepam2 with a specific activity of 87.5 Ci/mmole. 
Prior to use, radiolabeled I was purified by TLC on silica 
gel with chloroform-acetone (4:l) as the solvent system. 


The radioimmunoassay was carried out in a manner 
identical to that described recently for diazepam (9). A 
logit-log calibration curve for I was linear from 15 to lo00 
pg/tube; thus, a working limit of sensitivity of 0.15 ng/ml 
was obtained using 0.1 ml of plasma. This value represents 
about a fivefold increase in sensitivity compared to elec- 
tron-capture GLC techniques. However, for routine 
analysis of plasma and blood from subjects receiving 
chronic therapeutic doses of I ,  such sensitivity is unnec- 
essary and a 10-pl sample is more appropriate for analysis. 
The intra- and interassay coefficients of variation did not 
exceed 10% over a range of 1.65-10 ng of I/ml in a selection 
of random clinical samples. 


The antiserum specificity was determined initially by 
its cross-reactivity with the known metabolites of I present 
in blood and with the benzodiazepine drugs, diazepam, 
N-desmethyldiazepam, flurazepam, and nitrazepam. For 
each compound tested, cross-reactivity was <1% relative 
to I (100%); this finding demonstrated that the l-methyl, 
7-nitro, and 2’-fluoro groups on the hapten were potent 
antigenic determinants and indicated that the antiserum 
was highly specific for I .  


Further evidence for the specificity of the radioimmu- 
noassay procedure was obtained by comparison with an 
electron-capture GLC method (7). The joint determina- 
tions for I in 20 plasma and 12 whole blood samples from 
subjects who received a 2-mg dose of the drug were 
subjected to linear regression analysis by a method that 
takes into account differences in the precision of both 
analytical procedures (10). The correlation coefficient, 
regression line slope, and y-intercept were 0.98,0.93, and 
0.13, respectively, over a range of 0.5-18 ng/ml. Further- 
more, the two groups of data were not significantly dif- 
ferent (p > 0.05) using a t test. These statistical parameters 
indicate that the radioimmunoassay and electron-capture 
GLC methods yield equivalent results. 


(1) R. Piret and J. C. Devoghel, J. Znt. Med. Res., 2,370 (1974). 
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Calcium Binding by Arteriographic 
Contrast Media 


Keyphraaes Arteriographic contrast media-calcium binding, effect 
of additives in media on calcium binding in vitro 0 Calcium-binding 
in plasma by arteriographic contrast media, effect of additives in media 


Diatrizoate meglumine sodium-arteriographic contrast medium, 
effect on calcium binding o Binding-calcium to ionic arteriographic 
contrast media, effect of additives 


To the Editor: 
Selective coronary arteriography with common ionic 


contrast media is associated with a decrease of myocardial 
force, which was suggested to be due to decreased ionized 
calcium levels in the blood perfusing the myocardium (1, 
2). This depressant action has been attributed exclusively 
to the potent calcium-binding ligands added to contrast 
media for anticoagulation, stabilization, and buffering 
(1-3). The calcium-binding properties of contrast media 
have not yet been reported. 


To investigate the basis for the reduction of ionized 
calcium levels, fixed quantities of diluted contrast media 
were titrated with increasing amounts of calcium chloride 
in uitro. The following contrast media were evaluated: 
ioxaglate meglumine sodium’ (59% sodium and methyl- 
glucamine N-(2-hydroxyethyl)-2,4,6-triiodo-5-(2-[2,4,6- 
triiodo - 3 - (N - methylacetamido) - 5 - (methylcarbony1)- 
benzamido]acetamido) isophthalamic acid, I ) ,  lysine dia- 
trizoate2 [80% L-lysine 3,5-bis(acetamido)-2,4,6-tri- 
iodobenzoate, 111, diatrizoate meglumine sodium3 [76% 
sodium and methylglucamine 3,5-bis(acetamido)-2,4,6- 
triiodobenzoate, 1111, and diatrizoate meglumine sodium4 
with 0.32% sodium citrate and 0.04% edetate disodium 
[ (ethylenedinitri1o)tetraacetic acid disodium salt] (IV). 


~~~ ~ ~ 
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Figure 1-Binding of added ionized calcium by contrast media (two 
parts) in a physiological saline solution (0.9% NaCl, seuen parts). The 
roman numerals refer to contrast media (see text). Percentage values 
denote the reduction of ionized calcium levels below the total calcium 
content of 1.5 and 4.0 mmoleslliter. The expected line fi.e., no binding 
of ionized calcium) is shown as a dashed line with a slope of 1 .  


The presence or absence of additives and their amounts 
were not analyzed; the compositions are given as presented 
in the manufacturer’s data. 


Total calcium content was determined by the fluoro- 
metric method5 with correction for any edetate disodium 
present. Ionized calcium levels were measured by a cal- 
cium-sensitive flow-through electrode6. The reduction of 
ionized calcium levels below the expected line (Fig. 1) is 
consistent with calcium binding. 


The shift in the lysine diatrizoate (TI) titration curve, as 
well as the shift and the bend at 2 mmoles of total cal- 
ciumhiter in one of the diatrizoate meglumine sodium (IV) 
curves, is believed to be due to the saturation of the cal- 
cium-chelating additives present in these contrast media 
(e.g., 3.2 mg of citrate/ml and 0.4 mg of edetate diso- 
dium/ml in IV). The near-zero intercepts on the abscissa 
of the titration curves for ioxaglate meglumine sodium (I) 
and diatrizoate meglumine sodium (111) suggest a lack of 
large amounts of potent calcium-binding ligands in these 
contrast media. Deviations of the slopes of individual ti- 
tration curves from the expected line after saturation of 
disodium edetate and citrate binding sites, or without any 
chelating additives present, indicate that calcium chelation 
is primarily an inherent property of ionic contrast media 
and not that of the additives. 


The association constants (KO) of radiopaque ligands 
( L )  with calcium have been calculated on the basis of a 1:l 
association by: 


(Eq. 1) 


Log KO values were 0.36 for the diatrizoate-calcium com- 
plex and 0.28 for the ioxaglate-calcium complex. However, 
the calculations do not necessarily signify the stability 


~~~ ~ 
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constants for well-defined chemical structures since the 
stoichiometry is not known. Values are below the known 
stability constants of human plasma protein-calcium 
complexes [log K O  = 2-7 (4)]. Nevertheless, when the 
opacifying bolus is injected intracoronarily, the contrast 
molecules are more concentrated than the protein fraction 
in plasma and thus cause a marked reduction of plasma 
ionized calcium levels. 
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Effect of Sampling Probe Size on 
Dissolution of Tableted Drug Samples 


Keyphrases 0 Dissolution rates-effect of sampling probe size on dis- 
solution rate of tableted drug samples, USP paddle method Dissolution 
testing systems-various sampling probe sizes evaluated for effect on 
dissolution rate of tableted drug samples Hydrodynamics-dissolution 
rates affected by sampling probe size, USP paddle method 


To the Editor: 


When in uitro dissolution rates were determined using 
the USP paddle method (l), some tablet formulations 
consistently gave higher dissolution rates when sampled 
with an automated sampling system than when sampled 
manually. This difference was traced to turbulence caused 
by the filter-tipped probes used in automated sampling. 
With the automated system used in this laboratory, the 
probes are suspended in the dissolution medium during 
the entire test. 


Table I-Effect of Sampling Probes on Dissolution Rate 


Probe Dissolution”, Increase in 
Volume, 96 of label Dissolution, 


Probe mm3 claim % 


None - 41.4 
1 44 41.4 
2 177 43.0 
3 466 45.1 
4 706 46.4 
5 877 48.4 


- 
0 
1.6 
3.7 
5.0 
7.0 


Average of 12 tablets. 
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Prediction of Stability in Pharmaceutical 
Preparations XVIII: Application of High-pressure Liquid 
Chromatographic Assays to  Study of Nafronyl 
Stability and Bioanalysis 
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Abstract Specific, sensitive, reversed-phase high-pressure liquid 
chromatographic assays of nafronyl (I) and its acidic metabolite and 
hydrolysis product (11) were developed in aqueous solutions and in bio- 
logical fluids with sensitivities of 100 ng/ml using butacaine as the internal 
standard and spectrophotometric detection at  224 nm. Heparinized 
plasma can be analyzed easily in the organic phase immediately after 
acetonitrile denaturation. Both I and I1 can be extracted with haloalkane 
solvents, and the extracts are evaporated, reconstituted, and assayed in 
a minimal amount of acetonitrile. Conditions are presented that minimize 
the interference of I1 and extracted plasma components. The assay was 
used to determine the stability of nafronyl in aqueous solutions, to es- 
tablish its log k-pH profiles at  various temperatures, and to evaluate the 
Arrhenius parameters. Nafronyl is hydrolyzed by specific hydrogen-ion 
(15.2 kcal/mole) and hydroxide-ion (7.72 kcal/mole) catalysis of the 
neutral species and specific hydroxide-ion catalysis (5.91 kcal/mole) of 
the protonated species. The pH of maximum stability is 3.0, and pH 5.4 
is the maximum that can be tolerated at  30°, with a 10% solvolysis in 3 
years. The half-life of nafronyl at  30" was 7 days at  pH 7,12 hr at  pH 10, 
and 21 min in 0.5 N NaOH. Since nafronyl has a half-life of 3.2 hr in 
heparinized dog plasma a t  25O, blood samples for pharmacokinetic studies 
of nafronyl must be assayed immediately after sampling. The partition 
coefficients of I and I1 determined as functions of pH permit the ex- 
traction of both compounds at  pH 4.5, but only I can be extracted at  pH 
values above 9.5. 


Keyphrases Nafronyl oxalate-high-pressure liquid chromatographic 
analysis in stability studies 0 High-pressure liquid chromatography- 
analysis, nafronyl oxalate, application to stability studies Vasodila- 
tors--nafronyl oxalate, high-pressure liquid chromatographic analysis 
in stability studies 


When this series of stability studies was initiated 25 
years ago (l), its purpose was to demonstrate the use of 
basic physical-chemical relations in predicting the stability 
of drugs over long intervals under conditions that could be 
present in pharmaceutical formulations. The validity of 
these procedures has been demonstrated fully (2, 3). 
Short-term studies under high temperature, high acidity 
and alkalinity, and other excessive stresses have permitted 
such predictions and have given insight into the conditions 
that favor the stabilization of drugs in unit dosage 
forms. 


The objective of these investigations has been expanded 
to encompass those systematic siudies necessary to es- 
tablish optimum and valid assays for drugs and their me- 
tabolites in uitro and in uiuo. Many active agents and their 
metabolites must be extracted selectively from pH-ad- 
justed solutions for the assay to be valid. Their stability 
and partition properties as a function of pH must be known 
to design optimum conditions. 


BACKGROUND 


The advent of the pharmacokinetic era has necessitated the determi- 
nation of the time course of drugs and metabolites in living organisms 
for proper evaluation of effective dosage regimens and for determination 


of the bioavailability of the active agent from the dosage forms. Many 
published studies are suspect since uncritically instituted assay conditions 
may have transformed circulating drugs into pseudometabolites, and 
since the drug itself may have degraded in biological fluids and tissues 
stored and/or refrigerated prior to assay. A classical example, heroin, was 
considered recently (4), where its facile degradation in sampled plasma 
( t l / z  8 min) or upon extraction from moderately alkaline solutes could 
give erroneous estimates of the amounts of drugs and metabolites. 


All compounds containing possibly readily hydrolyzable groups such 
as esters are susceptible to such erroneous analytical procedures. The 
development of proper methods demands a systematic study of stability 
as a function of pH and temperature. 


Optimum conditions for extraction must be established that lead to 
minimal transformations during the analytical workup. The maintenance 
of the integrity of the drug and its metabolites must be assured for their 
projected storage times in sampled biological fluids and tissues. 


The vasodilator and metabolic activator nafronyl [tetrahydro- 
a-(l-naphthalenylmethyl)-2-furanpropanoic acid 2-(diethylamino)ethyl 
ester, I], also known as naftidrofuryl(5,6), is prepared as the acid oxalate. 
Its smooth muscle relaxation properties and its ability to increase pe- 
ripheral and cerebral blood flow and cerebral adenosine triphosphate 
concentrations and glucose utilization may have value in the treatment 
of senile brain disease (5-7). Tetrahydro-a-(1-naphthalenylmethy1)- 
2-furanpropanoic acid (II), a hydrolysis product of I (Scheme I), was 
observed in the plasma and urine of dogs and humans (8) and rats (9) 
administered I. As explained by Fontaine et al. (8), the presumed low 
plasma levels of I were due to its hydrolysis by pseudocholinesterase in 
the plasma, with 46% of I disappearing from plasma (presumably in uitro) 
after 1 hr at  37O. 


The assays in such studies were conducted after extraction with ether 
from biological fluids adjusted to 10% ammonia before and after hy- 
drolysis with 8-glucuronidase. The analytical method used to assay I (10) 
was based on ion-pair formation of I in dichloroethane with an acidic 
fluorescent dye in pH 5 buffer; the fluorescence of this salt due to the 
counteranion in dichloroethane provided estimates of the concentration 
of I. The sensitivity may be 0.2 pg of I/ml of dichloroethane for this 
nonspecific assay. 


The development of proper and unique assays of I and I1 in biological 
fluids demands a thorough knowledge of the pH profile of degradation 


I 


0 


TI 
Scheme I 
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of I to choose optimum pH values for nondegrading conditions of sepa- 
ration. The determination of the effective partition of I and I1 into ap- 
propriate organic solvents as a function of pH may permit the optimum 
choice of extraction conditions. The development of sensitive and specific 
assays of I and I1 in various solutions is necessary for performance of these 
tasks. This paper presents sensitive and specific high-pressure liquid 
chromatographic (HPLC) assays of I and I1 in buffer solutions and bio- 
logical fluids. The assays are applied to the determination of the log k-pH 
stability profile of I and to the determination of the stability of I in 
plasma. 


EXPERIMENTAL 


Materials-The following analytical grade materials were used di- 
basic and monobasic sodium phosphates', dibasic and monobasic po- 
tassium phosphates', sodium acetate', acetic acid', volumetric concen- 
trates of sodium hydroxide and hydrochloric acid2, and boric acid3. 
Methylene chloride4 was ACS grade, and acetonitrile5 and chloroform5 
were GLC, liquid chromatographic, and UV grade. Pure I and I1 reference 
standards were used as received6. 


Apparatus-A high-pressure liquid chromatograph7 equipped with 
a variable-wavelength UV detector7 was used with a reversed-phase 
p-Bondapak alkylphenyl columns. Areas under the chromatogram peaks 
were measured by an integratorg. 


HPLC Procedures-Prepared solutions of sodium acetate of known 
molarity were adjusted to a measured pH with acetic acid. Solutions 
generally were 0.01-0.1 M, adjusted to pH values between 3.5 and 5.0. 
The mobile phase was a mixture of this buffer and acetonitrile (5050 or 
4060). The flow rate of 2.5 ml/min gave a back pressure of -2000 psi. The 
wavelength of the variable-wavelength detector was adjusted to 224 nm, 
which was the maximum absorbance of I and 11; a weak absorbance at  
282 nm and a negligible absorbance at  254 nm were noted. When an in- 
ternal standard was used, a specified amount was dissolved in the ace- 
tonitrile used to dilute the buffer or plasma sample to be assayed. Gen- 
erally, the sample was diluted to give the same percentage of acetonitrile 
as the mobile phase, and 25 pl of this mixture was injected. This proce- 
dure reduced the intensity of the solvent peak and its tailing. 


Kinetics of Hydrolytic Degradation of Nafronyl (1)-Acid H.v- 
drolyses-Nafronyl (I) acid oxalate (2.0 mg) was weighed accurately and 
dissolved in 10 ml of thermally preequilibrated 0.5,0.4,0.2, and 0.1 N HCl 
(4.223 X M), prepared from a standardized concentrate and con- 
firmed by titration against standardized sodium hydroxide. An aliquot 
(100 pl) was taken immediately after dissolution and transferred to a 
3.0-ml reaction vial containing 20 p1 of sodium hydroxide solution, having 
a molarity five times greater than that of the hydrochloric acid solution 
used, to effect neutralization of the strong acid. A mixture of acetate 
buffer (pH 4.0) and acetonitrile then was added (80 p1) to adjust the pH 
and composition of the solution to those of the mobile phase. An aliquot 
(25 pl) was injected into the chromatograph under the described ana- 
lytica1 conditions a t  intervals. 


Alkaline Hydrolyses-Nafronyl (I) acid oxalate (40.0 mg) was weighed 
accurately and dissolved in 2.0 ml of distilled water in a 4.0-ml reaction 
vial to prepare the stock solution for alkaline hydrolyses. Aliquots (50 
pl) from this stock solution were taken with a 50-pl syringe and dissolved 
in 10.0 ml of 0.01,0.02,0.04, and 0.05 N NaOH and other solutions pre- 
equilibrated at  30' in a water bath. Similar studies were effected at  other 
temperatures. Immediately, 100 p1 of the 2.112 X M I solution (0-hr 
sample) was transferred to a 2.0-ml reaction vial containing 20 p1 of hy- 
drochloric acid solution, which had a sufficient normality to neutralize 
the excess strong base. A mixture of 0.4 M sodium acetate buffer (pH 4.0) 
and acetonitrile (80 pl) then was added to adjust the pH of the solution 
to -4.0. Samples taken from the sodium hydroxide solutions were 
quenched in this manner every 5 min for the first 30 min and then every 
15 rnin until all I was degraded to 11. An aliquot of the quenched solution 
(25 pl) was injected into the chromatograph for the described assay. 


Studies a t  Intermediate pH Values-Acetate (pH 3.4-5.4), phos- 
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phate (pH 5.6-8.2), and borate (pH 8.0-10) buffers were prepared; the 
ionic strength was adjusted to 0.1 with potassium chloride. The buffer 
solutions (10.0 ml) were preequilibrated in an oil bath a t  the appropriate 
temperature before addition of 25.0 or 50.0 pl of a solution of nafronyl (I) 
acid oxalate containing 20 mg/ml. Aliquots (100 11) of the 2.101 X 10-4 M I 
solution were removed at different time intervals, and the pH of the solu- 
tion was adjusted to 4.0 by adding 100 pl of 0.4 M acetate buffer-acetoni- 
trile. Then 25.0 pl of this solution was injected into the chromatograph. 


Stability of I i n  10% Ammonia Solution-A solution of 10% am- 
monia (10 ml) was preequilibrated a t  30' in a water bath, and 25 pl of a 
solution of nafronyl (I) acid oxalate (20.0 mg/ml) was added. Aliquots 
of the 1.05 X loa4 M solution of I were removed a t  different times. The 
reaction mixture was quenched to pH 4 with hydrochloric acid-acetate 
buffer and mixed with acetonitrile, and 25 pl was injected into the 
chromatograph. 


Partition Studies as Functions of pH-An aliquot (25 pl) of a stock 
solution of I as the oxalate (20.00 mg/ml) was dissolved in 5.00 ml of 
various buffer solutions to  prepare solutions of 2.101 X A4 I. Chlo- 
roform (250 pl, V,,,) was added to 1 ml ( Vaq) of each buffer solution (99.5 
pg/ml) in a 3.0-ml reaction vial. The tightly closed vial was vortexed for 
exactly 60 sec, and a 100-pl aliquot of the separated aqueous phase was 
mixed with 100 pl of a 5050 mixture of 0.4 M, pH 4 acetate buffer and 
acetonitrile. An aliquot (25 pl) was injected into the chromatograph; 
an aliquot of the buffer solution prior to extraction was assayed simi- 
larly. 


HPLC Analytical Methods for  I in Plasma Using Acetonitrile as 
Deproteinizing Agent-Method A-Acetonitrile (250 pl) was added 
to 100 pl of heparinized human plasma spiked with I. The mixture was 
vortexed and centrifuged a t  3000 rpm for 5 min, and then 25 p1 of the 
acetonitrile supernate was injected into the chromatograph. The mobile 
phase was a mixture of 50% 0.01 M sodium acetate adjusted with acetic 
acid to pH 3.5 and 50% acetonitrile. The flow rate was 2.5 ml/min on a 
pBondapak alkylphenyl column. 


The retention times for I1 and I were 2.76 and 7.98 min, respec- 
tively. 


Method B-Acetonitrile (1.0 ml), containing butacaine as an internal 
standard, was added to 1.0 ml of heparinized human plasma spiked with 
I. The mixture was vortexed and centrifuged a t  3000 rpm for 5 min. Then 
0.8 ml of the supernate was transferred to a reaction vial and evaporated 
to dryness under nitrogen. The residue was reconstituted in 75 pl of 
acetonitrile and vortexed, and 25 pl of the solution was injected into the 
chromatograph. 


HPLC Analytical Methods for I in  Plasma Using Haloalkane 
Extraction-Method C-An aliquot of heparinized human plasma (2.0 
ml) was extracted with 2.0 ml of chloroform, and the mixture was vortexed 
for 10 min and centrifuged for 5 min a t  3000 rpm. The upper layer was 
aspirated, and 1.5 ml of the chloroform phase was evaporated to dryness. 
The residue was reconstituted in 100 pl of acetonitrile with vortexing, 
and 25 p1 of the solution was injected into the chromatograph. The mobile 
phase consisted of 0.01 M acetic acid adjusted to pH 4.0 and acetonitrile 
(5050). The retention time for I was 9.62 min. 


Method D-Aliquots (2 ml) of freshly prepared heparinized dog 
plasma (within 1 hr after obtainment from the dog) were adjusted to pH 
3.78 with 0.35 ml of 0.2 N HCl. The plasma was extracted with methylene 
chloride (3 ml), with 10 min of mild shaking and centrifuging for 5 min 
at 3300 rpm. The aqueous phase was aspirated, and 2 ml of the methylene 
chloride phase was evaporated to dryness under a nitrogen stream. The 
residue was reconstituted in 50 pl of acetonitrile containing 750 pg of 
butacaine sulfate/ml. The mobile phase consisted of 0.1 M acetate buffer 
adjusted to pH 4.0 and acetonitrile (4555). 


RESULTS AND DISCUSSION 


Reversed-Phase HPLC Assay of I and  I1 for Degradation and 
Parti t ion Studies-The HPLC mobile phase of acetate buffer-aceto- 
nitrile (5050) with a 224-nm UV detector and a flow rate of2.5 ml/min 
provided a chromatogram (Fig. 1A) with a steady baseline and specific 
and sensitive quantitative analyses of I and its acid degradation product 
(II), with retention times of 6.66 and 3.26 min a t  pH 4.5 and of 8.00 and 
2.79 min a t  pH 4.0, respectively. A series of potential internal standards 
was studied a t  pH 4.0 with the following retention times (in minutes): 
caffeine, 1.64; hippuric acid, 1.80; phenobarbital, 2.50; ephedrine, 2.64; 
codeine, 2.73; atropine, 2.92; amphetamine, 2.82; procaine, 2.51; lidocaine, 
2.94; heroin, 2.90; tetracaine, 3.99; butacaine, 5.44; and papaverine, 3.60. 
Butacaine was selected because its retention time (5.44 rnin a t  pH 4 and 
4.90 min a t  pH 4.5) is intermediate between those of I and 11. Excellent 
calibration curves for assays in buffer solutions were obtained from the 
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peak area alone (Fig. 2) so no internal standard was needed for the kinetic 
studies in aqueous solutions. 


The standard errors of the estimates of the concentrations of I and I1 
were 37 and 41 nglml, respectively, for the calibration curves prepared 
in the 0-2.5-pglml range and indicate analytical sensitivities of 100 nglml. 
The linear regression equations with standard errors of the estimates for 
nafronyl (I) acid oxalate are: 0-75 pglml, CI (f0.155) pg/ml = -0.119 
(fO.080) + 1.1755 (f0.0026)A, n = 7, r2 = 1.000; and 0-2.5 pglml, CI 
(f0.037) = -0.089 (f0.042) + 1.229 (f0.029)A, n = 4, r2 = 0.999. For the 
degradation product (111, they are: 0-26 pg/ml, CII (f0.142) pg/ml = 
-0.140 (f0.068) + 0.766 (f0.005)A, n = 7, r2 = 1.000; and 0-2.6 pg/ml, 
CII (f0.0408) = -0.103 (f0.034) + 0.741 (f0.017)A, n = 4, r2 = 0.999, 
where A is the relative area and was times the actual number of area 
units measured. The values in parentheses are the standard errors. 


The reproducibility of the assay of 10 pglml within and among days 
was challenged by assaying a refrigerated sample 10 times and then on 
10 separate days. The assay of I with its standard deviation was 10.03 f 
0.23 within a day and 9.94 f 0.50 among days; for the derived acid (II), 
the reproducibility was 10.07 f 0.20 within a day and 10.09 f 0.43 among 
days. 


Kinetics of I Solvolysis-At constant pH, I degrades by an apparent 
first-order process. Representative semilogarithmic plots of the HPLC 
relative peak area for I against time are given for hydrochloric acid so- 
lutions (Fig. 3), acetate buffers (Fig. 41, phosphate and borate buffers (Fig. 
5), and sodium hydroxide solutions (Fig. 6), where the apparent first- 
order rate constants, k, were obtained from the slopes in accordance 
with: 
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F i g u r e  1-Reuersed-phase high- 
pressure liquid chromatograms with 
224-nm detection of 25 p l  of solutions 
of I (as acid oxalate) and its acid 
degradation product (11) with a bu- 
tacaine sulfate internal standard 
(IS). Plasma interferences are labeled 
P. The flow rate was 2.2 mllmin. Key: 
A, aqueous solution containing 10 pg 
each of I, 11, and the internal stan- 
dard injected into a mobile phase of 
pH 4.5, 0.1 M acetate buffer-aceto- 
nitrile (50.50); B, aqueous solution 
containing 2.5 pg each of I and I1 and 
10 pg of the internal standard in- 
jected into the same mobile phase 
except in a 60:40 mixture; C, aceto- 
nitrile-reconstituted residues from 
Method C of plasma analysis without 
I and 11; D, acetonitrile-reconstituted 
residues i r o n  Method C of plasma 
analysis with 5 pg of I and Il lml of 
plasma (the I I  and P peaks were not 
separated); E, separation of I1 and P 
peaks from acetonitrile-reconstituted 
residues from plasma with 2.5 pg of 
II/ml injected into a mobile phase of 
pH 3.5,O.Ol N acetate buffer-aceto- 
nitrile (5050) (flow rate 2.0 mllmin); 
F, separation of I1 and P peaks from 
acetonitrile-reconstituted residues 
from plasma with 0.5 pg of Illml in- 
jected into a mobile phase of pH 5.0 
buffer-acetonitrile (60:40) (flow rate 
1.0 mllmin); and G and H, acetoni- 
trile-reconstituted residues from 
plasma assays with 0.5 pg of I and 
Il lml of plasma injected into 0.1 N 
acetate buffer-acetonitrile (55:45) 
(flow rate 1.5 mllmin) a t  p H  3.75 and 
4.0, respectively. 


logA = - k t  +logAo 0%. 1) 2.303 
where A and A0 are the relative peak areas a t  time t and time zero, re- 
spectively. 


The pH values for the strongly acidic and alkaline solutions were cal- 
culated from data for y and pKw in the literature (11). The concentra- 
tions of I in alkaline solution studies had to be lowered to 2 X A4 so 
as not to exceed the solubility of the neutral compound. Higher concen- 
trations showed rate plots that  were initially zero order. The solubility 
of neutral I is estimated to be 0.03-0.05 mglml. 


Logk-pH Profiles for Hydrolysis of I-For hydrochloric acid so- 
lutions, the pH values were calculated from: 


pH = -log y[HCI] (Eq. 2) 


where y is the mean activity coefficient for the hydrochloric acid solutions 
(11). For sodium hydroxide solutions: 


pH = pKw - pOH = pKw + log y[NaOH] (Eq. 3) 


where y is the mean activity coefficient for the sodium hydroxide solution. 
The values of pKw = -log K, are listed in Table I, where K, is the hy- 
drolysis constant for water (11). 


The log k-pH profiles for the solvolysis of I in aqueous solutions with 
ionic strengths (p )  of 0.1 in the buffer solutions are given in Fig. 7. They 
are fitted to the expression: 


k = (kH+aH+ + kOHaOH-)f(=NH+) + kbNOH-f(=N) (Eq. 4) 
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Figure 4-First-order plots of HPLC relative peak area of I i n  acetate 
buffers o f  various p H  values against time with p = 0.1 at 70.0°. The  
curves are labeled with the p H  of the solutions. 
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Figure 2-HPLC calibration curves of relative peak area against con- 
centration (micrograms per milliliter) for nafronyl (I) acid oxalate (0) 
and its derived acid (II) (0) in p H  4 acetate buffer-acetonitrile (50:50) 
at a flow rate of  2.5 ml/min. 
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Figure 3-First-order plots of HPLC relative peak area of I i n  0.4 N HC1 
against time. The  curves are labeled with the temperature of the 
study.  


where the activities of the catalytic species are calculated from  OH- = 
10-poH = 10--fpKw-pH) and a ~ +  = 10-pH. The fractions of protonated and 
nonprotonated drug are, respectively: 


f ( - N H + )  = aH+/(Kh + aH+) 


f ( i N H )  = Kh/(Kb + aH+) 


0%. 5) 


and: 


(Eq. 6) 


where Kh is the apparent dissociation constant ofprotonated I. The pa- 
rameters for the best fits of the log k-pH profiles (Fig. 7) are given in 
Table I. These values can be substituted into Eqs. 4-6 to permit calcu- 
lation of the apparent first-order rate constant under any given pH 
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HOURS 
Figure 5-First-order plots of HPLC relative peak area of I i n  phos- 
phate and borate buffers of various pH values against time u i th  p = 0.1 
at 70.0'. The  curues are labeled u i th  the  pH of t he  solutions. 


conditions. The temperature dependence of the rate constant for a given 
alkali or acid concentration or pH (Fig. 8 and Table 11) also was consid- 
ered in adjusting the fits for a temperature with fewer actual studies. 


The log k-pH profile in conformity to Eq. 4 clearly showed that pro- 
tonated I is hydrogen ion and hydroxide ion catalyzed, with maximum 


Table I-Parameters of Fita of Log k-pH Profiles for the Solvolysis of I 


Parameter 70.0' 60.0" 50.0" 30.0" 


log koH 3.132 3.041 2.923 2.636 


log k O H  0.180 0.018 -0.140 -0.572 
koH, liters/mole/min 1.510 1.042 0.724 0.268 
log k H +  -3.260 -3.523 -3.928 -4.611 


PKa' 7.90 7.90 7.90 8.20 
K ,  1.259 X 1.259 X 1.259 X 6.310 X 
PKW 12.79 13.02 13.26 13.83 
K ,  1.622 x 10-13 9.550 X 5.495 x 10-14 1.479 X 


k OH, )iters/mole/min 1357 1100 837 433 


kH+, liters/mole/min 5.50 x 10-4 3.00 x 10-4 1.18 x 10-4 2.45 x 10-5 


Fitted to k = (kH+aH+ + koHaOH-)f(=NH+) + kbHaOH-f(-N), where the activities of the catalytic species are OOH- = 10-pOH = 10-(pKw-pH)and aH+ = IO-PH, the fraction 
of drug that is protonated and nonprotonated, respectively, isf NH+) = aHt/(Kh + aH+) andf(=NHh= &/(Kb + OH+), and the pH values in the strongly acidic and alkaline 
ranges are calculated, respectively, from pH = -log ?[HCI] andTH = pKw - pOH = pKw + logy[ aOH], where the pKw values and activity coefficients (y) are obtained 
from the literature (11). 
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Figure 6-First-order plots of HPLC relative peak area of I in sodium 
hydroxide solutions against time. The curves are labeled with the 
molarities of sodium hydroxide. 


MINUTES 


stability a t  pH 3.0. Reasonable slopes of -1 and +1 were obtained for 
these acid and alkaline branches of the log k-pH curves. The plateau 
achieved in the pH 8-10 region indicates lessened catalytic efficiency of 
the hydroxide-ion attack on uncharged I with a kinetic pKa' of -8.0. The 
microscopic rate constants were determined from the intercepts of the 
linear segments with slopes of unity in accordance with 


log k = log kH+ - pH (Eq. 7) 


for the acid branch characterizing the hydrogen-ion attack on protonated 
I below pH 3, or in accordance with: 


log k = log k o ~  - pH + pKw (Eq. 8) 


for the alkaline branch Characterizing the hvdroxide-ion attack on pro- 
tonated I for pH 3-8, and in accordance with: 


log k = log k b ~  - pH i- ~ K w  


lo-' [ 


10-2- 


1 
10" 


(Eq. 9) 
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Figure 7-Fitted log k-pH profiles for the hydrolysis of I at  several 
temperatures. 
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Figure 8-Arrhenius plots of apparent first-order rate constants (k 
expressed in minutes-') under different pH conditions and at  constant 
hydrochloric acid and sodium hydroxide conditions where T = 273+ 
"C. In addition, the Arrhenius plots aregiven for the microscopic cat- 
alytic constants, kOH. kbH, and kH+, that were obtained from the fitted 
log k-pH profiles a t  the various temperatures given in Fig. 7. 


for the alkaline branch characterizing the hydroxide-ion attack on un- 
charged I a t  pH values above the plateau, pH -11. The determined 
constants and the kinetic pKa' values that define the plateaus are listed 
in Table I. 


Other estimates of biomolecular rate constants, referenced to con- 
centrations rather than activities, can be obtained from plots of apparent 
first-order rate constants against hydrochloric acid concentrations in 
accordance with 


k = k~ci[HCl] (Eq. 10) 


liter/mole/min at  70" and 2.16 X 
liter/mole/min at 60". The lack of pH-independent solvolysis was 


Significance of Arrhenius Parameters-The Arrhenius parameters 


and the kHCi values were 4.44 X 


indicated by the fact that these plots passed through the origin. 


Table 11-Parameters for Temperature Dependence of the 
Apparent Rate Constants for the Solvolysis of I 


Slope AH,, 
Rate Constant (S )  kcal/mole In P 


k in 0.01 M NaOH, min-1 6098 12.1 14.25 
k in 0.2 M HCl, min-1 8440 16.8 15.18 
k in 0.4 M HCl, min-' 853 1 17.0 16.24 
k in 0.5 M HCl, min-1 7701 15.3 14.12 
k in pH 8.0 phosphate buffer, min-' 9447 18.9 23.00 
k in pH 8.2 hosphate buffer, min-I 9009 17.9 21.87 
k in pH 9.0 &orate buffer, min-' 8400 16.7 20.39 
k in H 10.0 borate buffer, min-' 7712 15.3 18.69 
kbHf  liters/mole/min 3886 7.72 11.74 


5.91 15.93 koHC, liters/mole/min 2972 
k ~ + ~ ,  liters/mole/min 8062 16.0 15.97 


" In k = In P - S/T = In I' - ( A H o / H ) (  IW), where R = 1.987 cal/clegree and 7' 
- - 5)- -is)+ "C. 
OII the nonprotonated drug species as determined from the best fit c l t  I I I ~  k -pH 


rofiles a t  the several temperatures. Bimolecular rate constant for the attack of 
Rydroride-ion activity on the protonated drug species as determined from the best 
fit of log k-pH profiles a t  the several temperatures. Bimolecular rate constant 
for the attack of hydrogen-ion activity on the protonated drug species as determined 
from the best fit of log k-pH profiles a t  the several temperatures, 


Birnolecular rate constant lor the attack 0 1  hydroxide-ion activity 
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Figure 9-HPLC calibration curves of the relative peak area ratio with 
respect to butacaine (the internal standard) against concentration 
(micrograms per milliliter) of nafronyl (I) acid oxalate in human plasma 
in p H  3.5 acetate buffer-acetonitrile (50:50); the flow rate was 2.5 
mllmin. 


for the determined microscopic rate constants (Table 11) show a higher 
heat of activation for the hydroxide-ion attack on the neutral species (7.72 
kcal/mole) than on the coulombic charge-expedited attack on the pro- 
tonated species (5.91 kcal/mole). The greater resistance of protonated 
I to hydrogen-ion attack is manifested by the higher heat of activation 
of 15.2 kcal/mole. The reasonable f i ts  of the log k-pH profiles at the 
several temperatures were confirmed by the linearity of the Arrhenius 
plots for the derived constants (Fig. 8). 


Effects of Substrate Concentrations and Buffers on I Solvoly- 
sis-Studies were conducted at several concentrations of I for given pH 
values, and there was no significant effect on the apparent hydrolysis rate 
constant. Phosphate buffer concentrations from 0.043 to 0.13 M at  pH 
6.4 and 70' showed no significant buffer effects on the apparent first- 
order rate constant. There was a significant, but small, phosphate buffer 
effect at pH 8.1 and 70° with p = 0.1, where the k (X lo3 min-'), 
[KHzPO~], and [Na2HP04] values were, respectively: 9.08,9.14 X 
1.58 X 10.62, 1.37 X 2.36 X and 11.64,1.83 X 3.15 
X and where: 


KiK8.l = 8.52 X + 0.096 [H3POq-] (Eq. 11) 


The half-life of I in 10% ammonia at  30° was 336 min. 
Pharmaceutical Significances of I Stability Studies-The high 


solvolytic instability of I, even in mildly alkaline solutions, requires great 
care in the formulation of liquid and solid dosage formulations so that 
the microscopic environment is as acidic as possible. Alkaline lubricants 
and excipients should not be used, and the granulation should be kept 
as free of water as possible. Even at 30' and pH 7, the half-life of I in 
aqueous solution is predicted to be only 7 days (Fig. 7). A pH of 5.4 is the 
maximum that can be tolerated at 30°, with a loss of 10% of I to hydrolysis 
over 3 years. Thus, I must be assayed immediately and must not be stored 
in samples of biological tissues and fluids. 


Table 111-Mobile Phases and Retention Times in HPLC Separations 
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Figure 10-Plots of peak area ratio of I ( 0 )  and peak height ratios of 
II (A) with respect to butacaine (the internal standard) against time 
for the degradation of I in fresh dog plasma at 24.5" with a n  initial 
concentration of 1.25 pglml of plasma. 


The k value was calculated from: 


k(min-1) = In 0.1/(3 X 365 X 24 X 60) = 1.46 X min-I (Eq. 12) 


and this rate constant is predicted to be at  the pH value of 5.4 at 30" (Fig. 
7). In Europe, I is distributed as the oxalate, and aqueous solutions should 
be pharmaceutically stable. The microscopic environment of dosage forms 
can be maintained a t  the pH of maximum stability with such an acid salt. 
A 0.1-mg/ml solution has a pH of 4.0 and a predicted half-life of 20 years 
at 30". 


Extractions of I into organic solvents may be conducted from alka- 
linized solutions if such extractions are performed immediately. At  30" 
and pH 10, the half-life of I is 12 hr but only 2 1  and 7 min in 0.5 and 2.5 
N NaOH, respectively. An extraction procedure using 10% ammonia (10) 
is satisfactory if it is carried out immediately, giving a half-life of 5 hr. 


Partition as a Function of pH; Application to Design of Analytical 
Methods-The oil-water partition coefficient, K, was calculated from 
the observed peak areas from the HPLC analyses, in which the areas were 
shown to be directly proportional to concentration, by: 


(Eq. 13) 


where A1 and A2 are the peak areas of the aqueous phase before and after 
extraction, respectively, and V,, and Vorg are the respective volumes of 
the admixed buffer and chloroform solutions. 


A similar procedure was used for the determination of the oil-water 
partition coefficient of the derived acid (111, except that the volume of 
chloroform used (V,,*,J also was 1.0 ml. 


The partitioning of I into chloroform from various buffer solutions of 
acetate, phosphate, and borate was studied at pH 3.5,4.4,5.4,6.4, 7.0, 
8.0,9.0, and 10. In all cases above pH 3.5, the partition coefficients (Eq. 
1) were >loo, indicating almost complete extraction. The partition 
coefficient was 74 at  pH 3.5 and 7.7 in 0.01 M HCl. 


Studies of the partitioning of the acid (11) showed complete extraction 


Flow Rate, 
ml/min 


2.0 
2.5 
1.0 
1.5 
1.4 
1.5 
1 .o 
2.5 
2.2 
2.5 


Mobile Phase" 


pH Acetonitrile 


4.5 5050 
3.5 5050 
5.0 5050b 
4.0 5545c 
4.0 5545 
3.75 5545 
5.0 6040 
4.5 6040 
4.5 6040 
3.5 6040 


Buffer- 
Retention Time, min 


Plasma 
Components I1 Butacaine I 


4.07-4.36 9.40-10.00 
3.66 4.03 
6.33-6.34 7.05 
4.75 4.65 
4.74 4.57 


11.4 13.0 


8.37 12.36 
- 12.52 


6.15 
6.00 
- 


9.90 
9.71 


> 25 


Adequate Separation of I1 
and Plasma Components? 


No 
Somewhat 
Yes 
No 
Yes 
Somewhat 
Yes 
No 
No 
Yes 


a All buffer was comprised of 0.1 M acetate buffer except that of last row, which was 0.01 M acetate buffer. Contains 1% tetrahydrofuran. In this system, heparin 
gave a peak a t  2.58 rnin and thiopental gave a peak a t  2.80 min. 
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Figure 11-Semilogarithmic plot of log (P- - P) versus time for the 
loss of I and the production of 11 in fresh dog plasma at 24.5’. The P 
value represents peak area ratios for I and peak height ratios for 11 with 
respect to the internal standard, butacaine. The P, values were those 
obtained at the 28-hr assays. The half-life of I for its 50% degradation 
in this plasma was 3.2 hr. 


of I1 from acetate buffers of pH 4.5 and lower and from 0.05 M HCl. No 
I1 was extractable from pH 9.5 borate buffer and 10% ammonia. The 
oil-water partition coefficients (Eq. 1) a t  other pH values were 80.2 at 
pH 5.3, 35.1 at  pH 6.2, 5.17 at pH 7.15, and 0.17 at  pH 8.5. All studies 
except the last one (in borate buffers) were conducted in phosphate 
buffers. 


These systematic studies on the partitioning of I from aqueous media 
into chloroform as a function of pH showed that I can be readily extracted 
over the entire pH range. Thus, there is no need to alkalinize aqueous 
solutions, plasma, or urine, which can lead to degradation, to extract I 
with efficiency. Both I and I1 can be extracted at  pH <7, and both com- 
pounds can be analyzed simultaneously with one injection into the 
chromatograph. Alternatively, extraction at  pH 9.5 can selectively extract 
I, and subsequent extraction of the acidified aqueous solution can remove 
the acid degradation product. HPLC analytical methods were developed 
using these physicochemical properties. 


HPLC Analytical Methods for I in Plasma Using Acetonitrile as 
Deproteinizing Agent-Acetonitrile can be used as both a plasma 
deproteinizing agent and as an extraction solvent so that an aliquot of 
the acetonitrile fraction can be injected directly for assay. It is ideal for 
injection into the chromatograph since the mobile phase is a mixture of 
acetonitrile and acetate buffer and the intensity of the solvent peak is 
minimized. Methods A and B were developed using this procedure (see 
Experimental). 


There were interferences from blank plasma in Method A for 11, with 
a major plasma peak at  2.56 min under the given HPLC conditions, but 
not with the I peak. The calibration curves were similar to Fig. 2. The 
baseline of the chromatogram was linear, and the standard errors of the 
estimates for the 0-2.5-pg/ml range were 140 ng/ml of plasma for the peak 
area and 41 ng/ml for the peak heights when 100 pl of plasma was ana- 
lyzed. These data indicated sensitivities of 300 and 100 ng/ml for the peak 
areas and peak heights, respectively, using 100 pl of plasma. The linear 
regression equations for the peak area (A) and peak height ( P )  for 0-50 
pg/ml are: C (f0.617) pg/ml = -0.11 (10.27) + 4.82 ( f0 .06)A ( n  = 10, 
r2 = 0.990) and C (f0.23) pg/ml = -0.19 (fO.lO) + 9.71 (f0.05)P ( n  = 
9, r2 = 0.998). For 0-2.5 pg/ml and n = 4 C (10.14) pglml + 0.06 (f0.14) + 4.17 (f0.37)A (r2 = 0.9849) and C (f0.041) pg/ml = -0.02 (f0.04) + 
8.88 (f0.23)P (r2 = 0.9987). The relative area, A, is times the actual 
area units measured. The relative peak height, P ,  is lo-* times the actual 
centimeters measured. The values in parentheses are the standard er- 
rors. 


The peak area ratios of I to butacaine are plotted as a function of the 
concentration of I in 1 ml of plasma in Fig. 9 for Method B. The standard 
error of the estimate was 239 ng/ml of plasma for the 0-5O-pg/mI range, 
and it was 151 ng/ml of plasma for the 0-10-pg/ml range. 


The linear regression equation for concentration (C in micrograms per 
milliliter of plasma) against the peak area ratio (PAR) for 0-50 pg/ml is 
C (f0.24) pg/ml = -0.28 (f0.13) + 16.99 (f0.09) PAR ( n  = 7, r2 = 
0.9998). For 0-10 pg/ml, i t  is: C (f0.15) = 0.02 (f0.12) + 15.95 (f0.34) 
PAR. The values in parentheses are the standard errors. 


HPLC Analytical Methods for I in Plasma Using Haloalkane 


Extractions-Remarkable reproducibility was obtained for calibration 
curves of the peak area against the plasma concentration performed on 
different days by Method C. The standard error estimated for the 0- 
10-pg/ml range was 185 ng/ml of plasma. 


The linear regression equation for concentration, expressed as mi- 
crograms per milliliter of plasma, against the relative peak area ( A )  for 
0-10 pg/ml of plasma is C (f0.185) pg/ml = 0.211 (rt0.089) + 0.879 
(f0.015)A ( n  = 9, r2 = 0.9980). 


The standard error estimated by Method D was 86 ng/ml of plasma 
for the 0-5-pglmI range of I and 192 ng/ml of plasma for the 0-5-pglml 
range of I1 from the linear regression of concentration on the peak area 
ratio to the internal standard, butacaine. The presence of a finite inter- 
cept in the regression of I1 indicated a small interference from plasma 
constituents a t  the retention time of I1 under these analytical condi- 
tions. 


The linear regression equation for concentration, expressed as mi- 
crograms per milliliter of plasma, against the peak area ratio (PAR) for 
0-5 pg/ml of I is C (f0.0864) pg/ml = -0.002 (f0.056) + 1.404 (f0.031) 
PAR ( n  = 5, r2 = 0.9985). For 0-5 pg/ml of 11, it is C (f0.192) pg/ml = 
-0.94 (f0.20) + 1.189 (10.065) PAR (n  = 4, r2 = 0.9946). The values in 
parentheses are the standard errors. 


HPLC Separation of I and Its Derived Acid (11) from Plasma 
Impurities and Applications to I Stability in Plasma-The HPLC 
separation of I, butacaine sulfate (internal standard), and I1 was readily 
effected with a mobile phase of buffer-acetonitrile (5050 or 6040) where 
0.01-0.10 N acetate buffers were used and the pH was adjusted to 3.5-5.0 
(Figs. 1A and LB and Table 111). 


Unfortunately, plasma has some constituents that appear close to, or 
concomitantly with, the retention time of I1 and could interfere with its 
assay at  224 nm. The plasma constituent extracted with chloroform or 
methylene chloride (Fig. 1C) produced a peak that frequently interfered 
with the peak of I1 (Figs. 1B and ID). However, variations in the mobile 
phase composition did permit satisfactory separations (Figs. 1E-1H). 
A valid HPLC system (Fig. 1H and Method B) was chosen to analyze for 
the stability of 1.25 pg of nafronyl (I) oxalate/ml of freshly withdrawn 
heparinized dog plasma. The peak area ratio (with respect to the internal 
standard) calibration curves were valid for the I assay, but the peak height 
ratice were best for the assay of I1 since a slight interference with a plasma 
component gave a significant positive intercept in its peak area ratio 
calibration curve. 


The peak area and height ratios of I and I1 are given in Fig. 10 for fresh 
dog plasma spiked with I at 24.5’. Appropriate semilogarithmic plots of 
these data are given in Fig. 11 and are consistent in their estimates of a 
3.2-hr half-life for the stability of I in dog plasma. Pharmacokinetic 
studies where plasma samples were not assayed immediately would be 
suspect. 
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Figure 1-Binding of added ionized calcium by contrast media (two 
parts) in a physiological saline solution (0.9% NaCl, seuen parts). The 
roman numerals refer to contrast media (see text). Percentage values 
denote the reduction of ionized calcium levels below the total calcium 
content of 1.5 and 4.0 mmoleslliter. The expected line fi.e., no binding 
of ionized calcium) is shown as a dashed line with a slope of 1 .  


The presence or absence of additives and their amounts 
were not analyzed; the compositions are given as presented 
in the manufacturer’s data. 


Total calcium content was determined by the fluoro- 
metric method5 with correction for any edetate disodium 
present. Ionized calcium levels were measured by a cal- 
cium-sensitive flow-through electrode6. The reduction of 
ionized calcium levels below the expected line (Fig. 1) is 
consistent with calcium binding. 


The shift in the lysine diatrizoate (TI) titration curve, as 
well as the shift and the bend at 2 mmoles of total cal- 
ciumhiter in one of the diatrizoate meglumine sodium (IV) 
curves, is believed to be due to the saturation of the cal- 
cium-chelating additives present in these contrast media 
(e.g., 3.2 mg of citrate/ml and 0.4 mg of edetate diso- 
dium/ml in IV). The near-zero intercepts on the abscissa 
of the titration curves for ioxaglate meglumine sodium (I) 
and diatrizoate meglumine sodium (111) suggest a lack of 
large amounts of potent calcium-binding ligands in these 
contrast media. Deviations of the slopes of individual ti- 
tration curves from the expected line after saturation of 
disodium edetate and citrate binding sites, or without any 
chelating additives present, indicate that calcium chelation 
is primarily an inherent property of ionic contrast media 
and not that of the additives. 


The association constants (KO) of radiopaque ligands 
( L )  with calcium have been calculated on the basis of a 1:l 
association by: 


(Eq. 1) 


Log KO values were 0.36 for the diatrizoate-calcium com- 
plex and 0.28 for the ioxaglate-calcium complex. However, 
the calculations do not necessarily signify the stability 


~~~ ~ 


Corning calcium anal zer 940, Vogel, Giessen, West Germany. 
6 Nova 2, Union Carbile, Newton, Mass. 


constants for well-defined chemical structures since the 
stoichiometry is not known. Values are below the known 
stability constants of human plasma protein-calcium 
complexes [log K O  = 2-7 (4)]. Nevertheless, when the 
opacifying bolus is injected intracoronarily, the contrast 
molecules are more concentrated than the protein fraction 
in plasma and thus cause a marked reduction of plasma 
ionized calcium levels. 


(1) J. B. Caulfield, L. Zir, and J. W. Harthorne, Circulation, 52,119 


(2) C. B. Higgins and W. Schmidt, ibid., 58,512 (1978). 
(3) R. S. Frech, Inuest. Radiol., 10,323 (1975). 
(4) R. J. P. Williams, in “Calcium-Binding Proteins and Calcium 


Function,” R. H. Wasserman, R. A. Corradino, E. Carafoli, R. H. 
Kretsinger, D. H. MacLennan, and F. L. Siegel, Eds., North-Holland, 
New York, N.Y., 1977, pp. 3-12. 
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Effect of Sampling Probe Size on 
Dissolution of Tableted Drug Samples 


Keyphrases 0 Dissolution rates-effect of sampling probe size on dis- 
solution rate of tableted drug samples, USP paddle method Dissolution 
testing systems-various sampling probe sizes evaluated for effect on 
dissolution rate of tableted drug samples Hydrodynamics-dissolution 
rates affected by sampling probe size, USP paddle method 


To the Editor: 


When in uitro dissolution rates were determined using 
the USP paddle method (l), some tablet formulations 
consistently gave higher dissolution rates when sampled 
with an automated sampling system than when sampled 
manually. This difference was traced to turbulence caused 
by the filter-tipped probes used in automated sampling. 
With the automated system used in this laboratory, the 
probes are suspended in the dissolution medium during 
the entire test. 


Table I-Effect of Sampling Probes on Dissolution Rate 


Probe Dissolution”, Increase in 
Volume, 96 of label Dissolution, 


Probe mm3 claim % 


None - 41.4 
1 44 41.4 
2 177 43.0 
3 466 45.1 
4 706 46.4 
5 877 48.4 


- 
0 
1.6 
3.7 
5.0 
7.0 


Average of 12 tablets. 
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1 
Figure 1-Sumpling probes, showing immersion depth (A). 


To reduce probe interference, five probe designs (Fig. 
1) were tested with a six-place dissolution apparatus. All 
of the probes were constructed in this laboratory. Probes 
3 and 4 were used early in the dissolution work. Probe 5 was 
designed to be similar to probes used in some commercial 
dissolution equipment. Probe 1 was the result of the lab- 
oratory’s search for a probe with minimum interference 
in the dissolution test. Probe 2 was chosen to give an in- 
termediate size between Probes 1 and 3. All probes were 
constructed from 3-mm 0.d. glass tubing. The tip of Probe 
1 was a 1.3-mm 0.d. melting-point capillary. Commercially 
available filters were used. The 5-mg prednisone tablets 
used for the test were from a sample known to give dif- 


BOOKS 


ferent results depending on the presence or absence of a 
sample probe during the test. 


One probe was suspended in each of five dissolution 
vessels, and the sixth vessel was used without a probe. The 
probes were placed halfway between the vessel wall and 
the paddle shaft, with the probe tip 25 mm below the liquid 
surface (approximately halfway between the liquid surface 
and the top of the paddle). The dissolution test was con- 
ducted for 30 min; samples then were withdrawn with a 
syringe for analysis by the USP (2) procedure. The test was 
repeated, and then the probes were moved to different 
vessels. This procedure was repeated until all probes were 
tested in duplicate in each vessel. This experimental design 
eliminated interference from sources other than the 
probes. 


The data (Table I) show that there was a direct rela- 
tionship between the displacement volume of the sampling 
probe and the increase in dissolution rate for the sample 
used. With the tablets used in this study, no effect on the 
observed dissolution rate was noted from Probe 1. How- 
ever, the presence of any foreign object disturbs the hy- 
drodynamics of the dissolution medium, and it is possible 
that the results from other, more sensitive samples could 
be influenced by the use of Probe 1. 


The results show that the displacement volumes of 
sampling probes used with automated samplers should be 
as small as possible to reduce interference with the disso- 
lution test. 


(1) “The United States Pharmacopeia,” 20th rev., United States 
Pharmacopeial Convention, Rockville, Md., 1980, p. 959. 
(2) Ibid., p. 655. 
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REVIEWS 


Pharmacy: A Profession in  Search of a Role. By JACK ROBBINS. 
Navillus Publishing Corp. 1979. 143 pp. 15 X 23 cm. Price $14.95. 
(Available from Technomic Publishing Co., 265 Post Rd. W., Westport, 
CT 06880.) 
The title of this book is both provocative and ambiguous. Readers 


seeking a definitive statement of the professional status or role of the 
pharmacist will not find it, nor will they find an expression of the need 
for clinical pharmacy, specialists, or new directions for the future. 


Most of this book (large type, liberal white space) is devoted to an 
objective presentation of a 1975 mail survey of pharmacists. The study 
attempts to “correlate the dynamic changes in pharmacy during the past 
half century with the various modes which pharmacists have adopted to 
make their role expectations more consonant with their performance” 
and “to incorporate social-psychological theory in order to better un- 
derstand the motivations underlying pharmacists’ various adaptation 
modes.” Theories (including role theory, role conflict and adaptation, 
and profesaionalization) are presented in easily understood language and 
context. Although a more in-depth discussion might be preferred, this 
approach is rational, laudable, and worthwhile in an area that too often 
is merely descriptive. 


Chapter 5, Generational Effects: Younger versus Older Pharmacists, 
is especially intriguing to the reader seeking insight into the direction 
of future change. Chapter 8, Role Conflict and Social Change, is excellent 
and expands on the familiar business-professional conflict, reporting both 
the extent and direction of conflict within the context of practice 
changes. 


Given the emphasis and style, chapter titles, acknowledgments, and 
cautious conclusions and projected future trends, one suspects that the 
book originally was a dissertation, a suspicion heightened by a citation 
of the same title by the same author in Dissertation Abstracts (1977). 
The dissertation subtitle, Functional and Psychological Adaptations of 
Pharmacists to Technological and Social Changes During the Past 50 
Years, is descriptive of the contents. Exclusion of the survey instrument 
and the inadequate literature search (for example, no citations after 1976) 
will disappoint the researcher. 


The foreword indicates that the book should be read by social scientists, 
pharmacy educators, individual pharmacy practitioners, pharmacy as- 
sociation executives, other health-care practitioners and organizations, 
members of Congress, and health-care planners and administrators. Such 
a broad appeal is unlikely to satisfy anyone completely. 


The book should be of interest to pharmacy school administrators and 
pharmaceutical industry executives and employees whose market is 
practicing pharmacists. Chapter 4, Opinions About the Industry and 
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Effect of Caffeine on Circulating Theophylline 
Levels in Beagle Dogs 
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Abstract The pharmacokinetic interactions of caffeine with theo- 
phylline were examined in two beagle dogs by administering 100 mg of 
aminophylline intravenously, 3 weeks before and immediately after re- 
peated oral doses of caffeine. Serial plasma samples were analyzed for 
caffeine and theophylline simultaneously by high-performance liquid 
chromatography. Upon multiple oral dosing, 100 mg every 12 hr for 7 
days, the caffeine half-life increased slightly in one dog but decreased in 
the other. As predicted from single-dose data, caffeine accumulation in 
plasma after repeated doses was slight, while plasma levels of the N -  
demethylated metabolite, theophylline, rose to about three times the 
initial values. After rapid intravenous doses of aminophylline, the theo- 
phylline half-life was 5-7 hr, which decreased slightly when the drug was 
administered concomitantly with caffeine during steady state of caffeine. 
The theophylline volume of distribution (0.75 liter/kg) was unaffected 
by caffeine. On the other hand, an acute aminophylline injection pro- 
longed the elimination half-life and increased the apparent volume of 
distribution of caffeine, causing little overall change in its plasma clear- 
ance. The results suggested that interactions between theophylline and 
caffeine may be attributed to changes in drug distribution and drug 
elimination characteristics. 


Keyphrases Caffeine-pharmacokinetic interactions with theo- 
phylline 0 Theophylline-pharmacokinetic interaction with caffeine 
0 Plasma clearance-plasma caffeine levels, plasma theophylline 
levels 


The bronchodilator theophylline is eliminated from the 
human body primarily by metabolism. Approximately 90% 
of the dose is metabolized by the liver uia oxidative and 
demethylation reactions to 3-methylxanthine, 1,3-di- 
methyluric acid, and 1-methyluric acid (1). The plasma 
half-life of theophylline in-humans is -6 hr after intrave- 
nous (2) or oral (3) dosing, and kinetic indexes in asth- 
matics and healthy adults are similar (4). 


The effect of concurrent administration of other drugs 
on theophylline disposition has been examined to some 
extent. Piafsky et al. ( 5 )  observed in uiuo induction of 
theophylline metabolism in humans by phenobarbital, 
although others (6) reported decreased or unchanged 
theophylline clearance after phenobarbital therapy. Al- 
lopurinol, a xanthine oxidase inhibitor, blocks the con- 
version of 1-methylxanthine to 1-methyluric acid but has 
no significant effect on the overall theophylline clearance 
(7,8). 


In a recent study, Monks et al. (9) reported a decrease 
in the theophylline elimination half-life in subjects on a 
methylxanthine-free diet. These authors suggested that, 
since theophylline and the dietary methylxanthines share 
common metabolic pathways, they may compete with one 
another for the same enzymes, thus resulting in suppressed 
theophylline metabolism. On the other hand, caffeine was 


shown to increase enzyme synthesis in rat liver (lo), which 
could enhance drug metabolism. 


The present study concerned caffeine pharmacokinetics 
in the dog after single and multiple oral doses of caffeine 
tablets for 1 week. The effect of steady-state blood levels 
of caffeine on theophylline disposition was examined by 
administering aminophylline intravenously, 3 weeks before 
and immediately after the caffeine multiple-dosing regi- 
men. Changes in the pharmacokinetic profile of caffeine 
due to an acute aminophylline injection were also ana- 
lyzed. 


EXPERIMENTAL 


A 1-year-old male (Dog A, 11.4 kg) beagle dog and a 2-year-old female 
(Dog B, 11.7 kg) beagle dog were used. The dogs were fasted overnight 
before and 4 hr after each drug dose in the single-dosing experiments and 
the first and last dose in the multiple-dosing experiments. During an 
experiment, dogs were initially placed in a restraining sling to facilitate 
accurate drug administration and blood sample collection. 


Single Intravenous Aminophylline-Each dog received a single 
100-mg aminophylline' (85% theophylline) dose by bolus injection into 
a front leg vein. Serial 5-ml blood samples were collected in 10-ml 
heparinized tubes2 during 24 hr after dosing. Plasma was separated by 
centrifugation and stored at  -20' prior to assay. 


Multiple Oral Caffeine-Multiple caffeine regimens were started 
3 weeks after the initial aminophylline dose. Each dog received one 
100-mg tablet of caffeine3 twice daily a t  9:00 am and 9:00 pm for 8 days. 
Tablets were administered by placing them on the posterior portion of 
the tongue so that they were not fractured before being swallowed and 
were followed by 5 ml of water. A predose blood sample was taken before 
each morning dose, and serial blood samples were collected during the 
12 hr after the morning doses on Days 1 and 8. 


Concurrent Aminophylline and Caffeine-On the day after the 
multiple caffeine experiments (Day 9), each dog received orally a 100-mg 
caffeine tablet a t  900 am, followed immediately by an intravenous in- 
jection of 100 mg of aminophylline. Blood samples were collected im- 
mediately before and serially during 24 hr after dosing. 


Plasma Assay-Plasma concentrations of theophylline and caffeine 
were determined in 1-ml samples by the high-performance liquid chro- 
matographic (HPLC) assay of Valia et al. (11). Samples were prepared 
as described previously, but the chromatographic conditions were 
modified slightly. A 10-pm pBondapak CIS column4 was used in con- 
junction with a chromatographs equipped with a spectrophotometric 
detector6. The mobile phase was 10% acetonitrile-0.01 M acetate buffer 
(pH 4). The column temperature and the solvent temperature were 
ambient. A flow rate of 1.5 ml/min was used, yielding an operating 
pressure of 1500 psi. The spectrophotometric detector had a 15.6-p1 cell 
volume and was operated at  280 nm. 


Aminophylline Injection USP, 25 mg/ml, Gibco/Invenex, Chagrin Falls, 


Vacutainer, Becton-Dickinson, Rutherford, N.J. 
NoDoz, Bristol-Myers, New York, N.Y. 


Model 244, Waters Associates, Milford, Mass. 
Model 440, Waters Associates, Milford, Mass. 


Ohio. 


4 Waters Associates, Milford, Mass. 
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Table I-Pharmacokinetic Parameters of Caffeine after Single and Repeated Oral Doses 
~~ 


Parameter 
Dog A 


Dav 1 Dav 8 
Dog B 


Dav 1 Dav 8 


t 1/2', hr 
FDIV, pg/ml 


1.29 


0.54 
0.18 


(-0.013-0.37) 
3.84 
16.0 


(6.09-25.9) 
0.083 


0.82 
88.9 


11.6 
1.84 


(-0.17-2.75) 


(-0.10-0.27) 


- 


0.71 
(0.45-0.97) 


0.97 
0.15 


(0.11-0.20) 
4.52 
19.1 


(13.g24.4) 


0.96 


122 
15.6 
2.44 


- d 


- 


1.76 
(0.79-2.74) 


0.39 
0.13 


(0.067-0.20) 
5.16 
12.3 


9.34-15.3) 
0.027 


(0.062-0.12) 
0.94 
94.6 
- 


9.97 
1.61 


0.72 
(0.19-1.25) 


0.96 
0.21 


(0.086-0.34) 
3.23 
18.0 


(7.80-28.2) 


0.91 


83.8 
12.0 
2.23 


- 


~ 


0 The 95% confidence limits. b Half-time of absorption = 0.693/k.. Half-life of elimination by all routes = 0.693/k.l. 


* Peak height 


Not calculated. Coefficient of determination 
= (Z obs* - Z dev2)/Z obs2. f Area under plasma level-time curve = FD/Vk.l. 8 Obtained by trapezoidal rule. 


' Time of peak height 


Table 11-Pharmacokinetic Parameters of Theophylline after Single Intravenous Doses of Aminophylline Alone or  during Steady 
State of Caffeine 


Parameter 


Dog A Dog B 
Aminophylline + Caffeine 


Aminonhvlline Corrected" Uncorrected Aminophvllineb Corrected Uncorrected6 
Aminophylline + Caffeine 


_ -  _ _  
C - k.1, hr-' 0.098 0.11 0.05 - 0.17 


6.08 13.7 - 4.03 - 7.10 
9.96 9.96 17.5 - 8.56 - t112, hr 


V literkg 0.75 0.75 0.43 - 0.85 
D/V, pglml 


0.99 0.97 0.96 - 0.99 - 
- - - 3.62 - 8.17 


r d 
k 12, hr-' 


k21, hr-' - - - 5.20 - 9.97 


- 


(0.80-6.44) (-23.4-39.7) 


(3.05-7.35) (2.17-17.8) 
k.1, hr-l - - - 0.24 - 0.16 


a, hr-' - - - 8.92 - 18.2 
tmpe,  hr - - - 0.078 - 0.038 
j3, hr-l - - - 0.14 - 0.086 


- - - 4.94 - 8.10 
- - - 16.5 - 24.2 


t112 f, hr 
~ / 8 1 ,  pg/ml 


V1, literk - - - 0.44 - 0.30 
- - - 0.74 - 0.55 
- - - 1.00 - 1.00 


vYg, literhg 
R 
C1 ml/min/kg 1.22 1.42 0.36 1.76 2.43 0.78 


(ue hr)/ml 102 90.5 350 68.8 50.4 151 


(0.19-0.29) (-0.067-0.38) 


(-10.2-58.6) (13.5-19.6) 


~ 


Calculated using observed plasma theophylline concentration minus the theophylline formed as metabolite of caffeine. Obtained by analyses usin two-compartment model. c Not relevant. Correlation coefficient. e Half-life of rapid phase of decline in plasma levels = 0.693/a. f 0.693/8. 8 V ,  = Vl(1 + k l z / k m ) .  s Plasma clearance 
= Vk,l in one-compartment model and Vlk.1 in two-compartment model. Area under plasma level-time curve = D/Cl,. 


Complete peak resolution was obtained for caffeine, theophylline, and 
the internal standard, /3-hydroxyethyltheophylline, with retention times 
of 9.6,5.6, and 6.5 min, respectively. Other xanthines did not interfere. 
The limit of detection was 1 pg/ml for both theophylline and caffeine. 
Linear regressions of the peak height ratios of drug to internal standard 
uersus plasma drug levels of 1,5,10,25, and 50 pg/ml were described by 
the equations y = 0.066~ + 0.013 (n = 20, r = 1.00) for theophylline and 
y = 0.036% + 0.016 (n = 20, r = 1.00) for caffeine. 


Pharmacokinetic Analysis-Plasma caffeine levels after oral doses 
were fitted to the pharmacokinetic one-compartment open model with 
first-order absorption and elimination. Plasma caffeine concentrations, 
C, at any time, t ,  after a single dose are described by: 


where F is the fraction of the dose, D, absorbed; V is the apparent dis- 
tribution volume of caffeine in the body; k, and k,l are first-order rate 
constants for absorption and elimination, respectively; and to is the lag 
time between dosing and the appearance of drug in the circulation. During 
steady state following multiple dosing, plasma caffeine concentrations, 


C", were fitted to (12): 


where T is the dosing interval and equals 12 hr in each case. 
Except in two cases, plasma theophylline levels after rapid intravenous 


doses of aminophylline appeared to obey one-compartment open model 
kinetics and were analyzed by linear regression (13). Attempts to fit these 
data to the two-compartment model resulted in greater errors in pa- 
rameter values with no improvement in the coefficients of determination. 
In the two situations where the two-compartment model was adequate, 
plasma theophylline concentrations, C1, were described by (12): 


where V1 is the volume of the central compartment and a and 0 are 
composite rate constants depending on kel and the first-order rate con- 
stants, klz and k21, governing the transfer of drug between compart- 
ments: 
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Figure 1-Plasma levels of caffeine (0) and theophylline (- -) in Dog 
A after the morning dose on Days 1 and 8 during a 100-mg caffeine twice 
daily regimen. The curves for caffeine are computer derived. 


a 
= ‘/2{(k12 + k21 + ked f [(klz + kzl + ked2 - 4k~1ke11”~) (Eq. 4) P 


Individual data sets were fitted to the appropriate equations by iter- 
ative least-squares methods using the program NONLIN7 (14). 


Pharmacokinetic parameters obtained from single-dose (Day 1) caf- 
feine data were used to predict drug accumulation characteristics upon 
multiple dosing. Predicted parameter values were compared with those 
observed in the Day 8 experiment. 


*. 0 
-. 


-. -. 


. . . -. --. 
0.. 


‘b 


1 1 1 1 1 1 1 1 1 1 1 1  


RESULTS 


Plasma concentration-time data after single and multiple oral doses 
of caffeine to Dogs A and B are presented in Figs. 1 and 2, respectively. 
Results of pharmacokinetic analyses are given in Table I. Following single 
100-mg tablet doses, caffeine appeared in plasma almost immediately, 
reaching peak levels of 11.6 and 9.97 Wglml in 1-2 hr. Elimination half- 
lives were 3.84 hr in Dog A and 5.16 hr in Dog B. Accordingly, steady-state 
concentrations should be achieved in 1 day, and this projection was 
confirmed by the caffeine levels observed in the daily predose plasma 
samples. 


Upon multiple dosing, caffeine absorption was slower in both dogs, as 
reflected by the prolonged absorption half-times and delayed peak times. 
The half-life was increased slightly after repeated dosing in Dog A but 
was decreased in Dog B. The value of FDIV was higher on Day 8 in each 
case. The area under the curve increased significantly in Dog A, but the 
change in Dog B was slight. The accumulation factor, R,  calculated by 
the ratio of C,, on Day 8 to that on Day 1, was 1.34 for Dog A and 1.20 
for Dog B; R values predicted from Day 1 data alone, using R = l / [ ( l -  
e-kelr)(l - e-kor)], were 1.13 and 1.25 for Dogs A and B, respectively. 


In humans, caffeine is metabolized in part by N-demethylation to 
theophylline (15). This route was shown to exist in dogs also in the present 
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Figure 2-Plasma levels of caffeine (0) and theophylline (- -) in Dog 
B after the morning dose on Days 1 and 8 during a 1OO-mg caffeine twice 
daily regimen. 


7 An IBM 370/168 digital computer at the Rutgers Computer Center for Infor- 
mational Services waa used. 


HOURS 


Figure 3-Plasma theophylline levels in Dog A after 100 mg of ami- 
nophylline was intravenously administered alone (0) or during steady 
state of caffeine, with data corrected (0) and uncorrected (0) for 
theophylline derived from caffeine, respectiuely. 


study. After a single 100-mg oral dose of caffeine, detectable plasma 
theophylline levels appeared in 45 min, reaching a plateau of -2 gg/ml 
a t  4 hr. The sustained nature of plasma theophylline in this case pre- 
cluded the accurate calculation of its elimination rate. The accumulation 
factors obtained by the ratio of observed values of C, on Day 8 and Day 
1 were 3.67 and 2.66 for Dogs A and B, respectively. 


a 


0.1 J 
1 1 1 1 1 1 1 1 1 1 1 1  


0 6 12 18 24 
HOURS 


Figure 4-Plasma theophylline levels in Dog B after 100 nag of ami- 
nophylline was intravenously administered alone (0) or during steady 
state of caffeine, with data corrected (0) and uncorrected (0) for 
theophylline derived from caffeine, respectiuely. 
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Table 111-Pharmacokinetic Parameters of Caffeine after a n  
Oral Dose during Steady State with Concomitant Aminophylline 
Injection 


Parameter Doe A Doe B 


k,, hr-l 1.67 (1.30-2.05) 8.82 (6.97-10.7) 
t 112 abet hr 0.41 0.079 
kel,’hr-l 0.12 (0.10-0.13) 0.14 (0.13-0.16) 
t 112, hr 5.95 4.89 
FDIV, pg/ml 13.7 (11.9-15.6) 11.1 (10.3-11.9) 
r2 0.98 0.99 


Cmax, pg/ml 15.0 12.8 
tmmT. hr 1.52 0.45 


AUCe12, (pg hr)/ml 116 77.5 


Figures 3 and 4 describe plasma theophylline concentrations following 
bolus intravenous injections of 100 mg of aminophylline to Dogs A and 
B, respectively. While theophylline kinetics were being examined after 
simultaneous administration with the final dose of caffeine in the multiple 
caffeine dosing experiment, it was realized that caffeine metabolism re- 
sulted in sufficiently high theophylline levels to interfere with interpre- 
tation of data from the intravenous dose. Therefore, corrected plasma 
theophylline levels from the aminophylline injection (Day 9) were esti- 
mated by deducting from observed values the theophylline concentra- 
tions at the same sampling time on the previous day (Day 8). This pro- 
cedure was justified by the observed theophylline concentrations in the 
daily predose plasma samples, which showed that this metabolite also 
had reached steady state. Both corrected and uncorrected theophylline 
data were analyzed, and the results of the pharmacokinetic analyses are 
shown in Table 11. 


Except for a short initial period (15 min) of rapid decline in plasma 
levels in two cases, theophylline pharmacokinetics were described ade- 
quately by the one-compartment open model. Despite its higher initial 
concentration in Dog B (16.5 pg/ml, compared to 9.96 pg/ml in Dog A), 
theophylline appeared to distribute into virtually identical overall spaces 
in Dogs A (V = 0.75 liter/kg) and B (V,, = 0.74 literkg). Elimination 
half-lives of 7 and 5 hr were observed in Dogs A and B, respectively. 


Pharrnacokinetic analysis of corrected theophylline data showed that 
a concomitant dose of aminophylline with caffeine at steady state of 
caffeine resulted in little or no change in the apparent distribution volume 
of theophylline in the two dogs. However, the half-life was shortened by 
-1 hr in each dog. The increase in the elimination rate was reflected also 
in changes in the plasma clearance and area under the curve values. As 
expected, analysis of the uncorrected data led to much higher initial 
plasma theophylline concentrations (17.5 pg/ml in Dog A and 24.2 pg/ml 
in Dog B) and longer half-lives (13.7 and 8.10 hr in Dogs A and B, re- 
spectively). 


Pharmacokinetic parameters of caffeine after concomitant caffeine 
and aminophylline doses on Day 9 are given in Table 111. Comparison with 
the Day 8 data in Table I indicated that the injection of aminophylline 
resulted in faster absorption of caffeine from the oral dose (larger k.  and 
smaller tmax in both dogs), although C,, values were almost unchanged. 
These results also are shown in Figs. 5 and 6 for Dogs A and B, respec- 
tively. Aminophylline increased the elimination half-life of caffeine but 
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Figure 5-Steady-state plasma caffeine levels in Dog A after oral ad- 
ministration of 100 mg of caffeine, with (0) and without (@) a con- 
comitant dose of intravenous aminophylline. 
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Figure 6-Steady-state plasma caffeine levels in Bog B after oral ad- 
ministration of 100 mg of caffeine, with (0) and without (@) a con- 
comitant dose of intravenous aminophylline. 


decreased the FDIV values so that the area under the plasma caffeine 
level-time curve during a dose interval was virtually unaffected. 


DISCUSSION 


The caffeine half-life determined after single oral doses to dogs was 
4-5 hr, similar to that observed in humans (15). However, longer half-life 
values (6.4-9.1 hr) were reported in a more recent study in three healthy 
nonsmokers (16). Intersubject variation in caffeine kinetics was apparent 
in the present study. This variation and the limited number of dogs used 
made it difficult to evaluate the effect of repeated dosing on caffeine 
pharmacokinetic properties. With the dosage regimen employed, which 
was equivalent to about 1 cup of coffee every 12 hr, there was limited 
accumulation of caffeine in the circulation. On the other hand, plasma 
levels of the N-demethylated metabolite, theophylline, rose to nearly 9 
and 6 pg/ml in Dogs A and B, respectively, about three times the con- 
centrations after the initial dose. These figures were higher than those 
reported in humans given comparable doses of caffeine (15). Therefore, 
subjects must refrain from caffeine-containing beverages before partic- 
ipating in theophylline disposition studies, despite recent advancements 
in analytical technology that permit simultaneous determination of 
caffeine and theophylline in biological fluids. 


The decline in plasma theophylline levels after intravenous dosing 
appeared to be biphasic, although the distribution phase was so rapid 
that a one-compartment model was adequate for data analysis in four 
of the six cases tested. This characteristic behavior was reported by others 
(6, 17). The theophylline half-life in dogs after single doses was similar 
to that in humans. When given concomitantly with caffeine during steady 
state of caffeine, theophylline showed slight increases in its elimination 
rate, probably due to metabolic enzyme activity stimulated by the re- 
peated caffeine doses. The distribution volume (0.75 literkg) of theo- 
phylline was unaltered by caffeine. 


No explanation was apparent for the more rapid absorption of caffeine 
when given simultaneously with intravenous aminophylline. Starr et al. 
(18) reported that aminophylline increased cardiac output in humans 
by 26% and also may enhance blood flow through the GI tract. Further 
studies are being conducted to elucidate this phenomenon. Aminophyl- 
line prolonged the elimination half-life of caffeine, presumably by com- 
peting with caffeine for the same enzymes. Aminophylline also increased 
the apparent distribution volume of caffeine (assuming constant F),  
probably by displacing caffeine from plasma protein binding sites. Thus, 
theophylline appeared to have a stronger affinity than caffeine for drug 
metabolizing enzymes as well as for plasma proteins. In humans, theo- 
phylline is 60-7070 plasma protein bound (19,20), compared to -15% in 
the case of caffeine (21). Because of changes in V and k,l in opposite di- 
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rections, the overall plasma clearance of caffeine was virtually unaffected 
by acute aminophylline administration. 


The need for establishing dosage guidelines for safe intravenous ad- 
ministration of theophylline has been stressed (22). Theophylline has 
a narrow therapeutic index of 10-20 pg/ml, and tfie risk of toxicity, in- 
cluding seizures and death, increases as serum concentrations exceed this 
range. In asthmatic patients receiving chronic theophylline therapy, 
routine monitoring of serum drug levels is recommended. Interactions 
of theophylline with other exogenous compounds may influence the 
therapeutic outcome of this drug. For example, methylxanthines such 
as caffeine and theobromine, present in various common beverages and 
foods, were shown to inhibit theophylline metabolism in humans (9). In 
the present study, the theophylline half-life in beagle dogs actually de- 
creased after multiple doses of caffeine, probably due to enzyme induction 
by the latter. Nevertheless, plasma theophylline levels were elevated and 
sustained as a result of metabolic conversion of administered caffeine 
to theophylline. 


These observations may suggest the need to reduce theophylline 
maintenance doses in asthmatics who are chronic coffee drinkers. Caution 
is also warranted in treatment with theophylline in breast-fed infants, 
who may be exposed to methylxanthines in the milk (23,24). Recently 
it has become evident that theophylline is biotransformed to caffeine by 
N-methylation in the premature newborn infant (25-28), which further 
complicates theophylline-caffeine interactions. This metabolic pathway 
was not observed in adult humans (25) and dogs in the present study. 
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Abstract 0 The estrogenic, antiestrogenic, and receptor binding activity 
of a series of cyclopropyl analogs of stilbene and stilbenediol were de- 
termined using the uterotropic assay in the mouse and the receptor 
binding assay with rat uterine cytosol. One compound, 1,l-dichloro-ck- 
2,3-diphenylcyclopropane (11), displayed antiestrogenic activity in uiuo 
with a low affinity for the estrogen receptor in uitro and showed tumor 
remission activity on 7,12-dimethylbenz(a)anthracene-induced estro- 
gen-dependent rat mammary tumors. Compounds VIII, IV, and V (in 
that order) exhibited the greatest estrogenic activity in the mouse and 


the greatest receptor binding activity in uitro. Compound VIII exhibited 
antifertility activity in the mouse. 


Keyphrases 0 Estrogenic activity-cyclopropyl analogs of stilbene and 
stilbenediol, mice 0 Antiestrogenic activity-cyclopropyl analogs of 
stilbene and stilbenediol, mice 0 Receptor binding activity-cyclopropyl 
analogs of stilbene and stilbenediol 0 Stilbene and stilbenediol-cy- 
clopropyl analogs, pharmacological activity in mice and rats 


Various rigid ring systems have been used to lock func- 
tional groups into desired conformations to study receptor 
interactions (1, 2). The cyclopropane ring is a relatively 
new structure to be employed synthetically to produce a 


fixed stereochemical configuration with minimal steric. 
interference in potential medicinal agents (3-5). Magarian 
and Benjamin (6) reported the preparation of a series of 
stilbene and stilbenediol derivatives (Table I) containing 
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Abstract 0 A bead-bed dissolution apparatus for suppositories was 
evaluated by measuring the release of benzocaine from various vehicles. 
During dissolution, suppositories soften, deform, disintegrate, and 
eventually pass through a phase change from a solid to an oil. The control 
of the interfacial area during dissolution is a key factor in obtaining ex- 
perimentally reproducible release data. The proposed suppository dis- 
solution apparatus was designed to provide greater constancy of the ex- 
posed suppository area for dissolution. The apparatus consisted of a glass 
bead-bed containing the suppository. A continuous flow of liquid was 
passed through the bead-bed at  a constant rate. Direct contact of the 
suppository was maintained with the dissolution medium, confining the 
suppository within the beads. 


Keyphrases 0 Suppositories-evaluation of a bead-bed dissolution 
apparatus, drug release rate 0 Dissolution-bead-bed apparatus for 
suppositories, evaluation, drug release rate Drug release-supposito- 
ries, evaluation of a bead-bed dissolution apparatus 


Benzocaine was selected as a model compound with both 
a low melting (33.5-35.5’) and a high melting (37-39”) 
glyceride-type suppository base. In vitro release of ben- 
zocaine decreased as the melting point of the suppository 
increased. Reproducibility of the complete release curves 
was acceptable. Drug release also was affected by the 
temperature of the dissolution media, increasing, de- 
creasing, and increasing again at  certain temperatures. 
This finding was related to the ability of the beads to 
penetrate the surface of the suppository when the sup- 
pository softened. Release profiles, however, were repro- 
ducible a t  the temperature studied. The proposed bead- 
bed dissolution apparatus should offer an improved means 
for measuring drug release from suppositories. 


BACKGROUND 


Suppositories, administered either vaginally or rectally, are utilized 
as a dosage form for various drugs (1). Recent reports investigated the 
use of vaginally administered prostaglandins for fertility control and also 
emphasized certain advantages of this mode of drug therapy, e.g., self- 
administration and single-dose therapy (2-9). This continued interest 


in suppositories and suppository bases (10) has led to the recognition that 
a dissolution test would be helpful during the initial phase of dosage form 
design. In addition, such a test would provide valuable information on 
the effect of storage time and temperature on the subsequent in  uitro 
release profile. 


The methods used for testing drug release rate characteristics of sup- 
positories in uitro can be classified in terms of five general types (Fig. 1). 
The first type consists of simple placement of the suppository in a flask 
or beaker (11-15). The second type utilizes an existing tablet dissolution 
apparatus that provides a wire mesh basket for holding the sample 
(16-22). The third and fourth types employ a membrane; the third con- 
sists of a sample chamber separated from a reservoir by a membrane 
(23-33), whereas the fourth employs dialysis tubing or a natural mem- 
brane (33-46). The fifth type involves a flow system in which the sample 
is placed on cotton or a wire screen (47,48). 


One basic problem in testing for drug release from a suppository is that 
the suppository softens, deforms, melts, or disintegrates during the test, 
exposing a variable interfacial area to the dissolution medium. Because 
the release rate is dependent on the interfacial area, the variability of this 
factor leads to poor test reproducibility. 


Membranes have been used to control the interfacial area on the 
principle that when the suppository softens, it would spread over the 
entire membrane, restricting the area exposed to the dissolution fluid. 
Bhavnagri and Speiser (24) designed a type three apparatus with a rel- 
atively small sample chamber. Others (39,42) used a relatively small bag 
in a type four apparatus to restrict the interfacial area. 


The need to control the interfacial area is important, but the intro- 


‘. *. 3. 
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Figure 1-Suppository dissolution methods. 
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Figure %--Continuous flow bead- bed suppository dissolution apparatus. 


duction of an additional physical process, i .e.,  membrane transport, 
complicates matters and may mask the real release characteristics for 
certain drug-suppository base combinations. Therefore, a flow-through 
technique was developed in which the suppository is secured in a bed of 
glass beads. This arrangement controls the interfacial area for most 
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Figure 3-Release of benzocaine from Base A suppositories on different 
days at 37' (original dissolution chamber). Key: a, Day 1;  0, Day 2; 0, 
Day 3; and A, Day 3. 
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suppository bases, yet allows direct contact between the suppository and 
the dissolution medium. 


EXPERIMENT A L 


Suppository Preparation-The suppositories were prepared by first 
dissolving an appropriate amount of benzocaine' (ethyl p -aminoben- 
zoate) in the melted base to yield a benzocaine concentration of 0.125% 
(w/w). The suppository bases, designated A* for the low melting 
(33.5-35.5') and B3 for the higher melting (37-39'), were melted at 5-10' 
above their melting points. The melt then was poured into aluminum 
suppository molds and allowed to cool at room temperature, and the 
excess base was scraped away after solidification. The molds were cooled 
further a t  room temperature (Base A) or in a refrigerator (Base B) for 
30 min, and then the suppositories were ejected from the molds. 


The molds consisted of tapered cavities drilled into an aluminum block. 
The taper permitted easy removal of the suppositories. The suppositories 
were 800 mg, 1.91 cm long, and 0.75 and 0.79 cm in diameter at the ends. 
The amount of benzocaine in each suppository was 1.0 mg. 


Design of Release Apparatus-The release rate apparatus was de- 
signed to provide reasonable control over the interfacial area for drug 
dissolution (Fig. 2). A continuous eluent flow is maintained over the 
suppository contained in a bed of glass beads. The eluent starts in the 
150-ml jacketed beaker, which is covered with an acrylic resin disk. When 
the pump4 is started, water is drawn through polyethylene tubing (3 mm 
0.d. X 2 mm i.d.) from the 150-ml jacketed beaker to a 1-cm flowcell in 
the UV spectroph~tometer~. From the spectrophotometer, the water is 
drawn into a preheating glass coil (glass automated analyzer coil, 1.5 cm 
in diameter X 16 cm in length). The glass coil is submerged in the water 
bath6 to allow the water temperature to equilibrate before reaching the 
sample chamber, which also is submerged in the water bath. The water 
leaves the glass coil and enters the sample chamber from the top. 


Pfaltz & Bauer, Stamford, Conn. 
Witepsol H-15, Dynamit Nobel Chemical, Oberlar, West Germany. 
WiteDsol E-76. Dvnamit Nobel Chemical. Oberlar. West Germanv. . -  


4 Lab pump RRP, Fluid Metering Inc., Oyster Bay, N.Y. 
6 Beckman DB with recorder, Beckman Instruments, Fullerton, Calif. 


Tamson PMT, Neslab Instruments, Portsmouth, N.H. 


Journal of Pharmaceutical Sciences f 647 
Vol. 70, No. 6, June 198 1 







24 c 
d 201 


16c . 


12 I 
V 1 I 


20 40 60 80 100 120 140 
MINUTES 


Figure 4-Release of benzocaine from Base B suppositories on different 
days at 37' (origina2 dissolution chamber). Key: 0, Day 1; 0, Day 1; (7, 


Day 3; and A, Day 3. 


Originally, the chamber consisted of two 15-ml Buchner fritted disk 
filters connected a t  the top by Tygon tubing and a clamp. The present 
chamber consists of two sections. The bottom section is a 15-ml coarse 
Buchner fritted disk filter modified with a 24/40 glass joint at the top and 
an outlet tube narrowed to  4 mm 0.d. X 2 mm i.d. The top half is a 24/40 
hose-connecting joint modified with an inlet tube narrowed to 4 mm 0.d. 
X 2 mm i.d. The water travels through the glass bead-bed (3-mm diam- 
eter, chemically resistant glass balls) and around the suppository. The 
dimensions of the cell containing the beads is 2.6 cm i.d. and 6.2 cm long. 
The original chamber was 2.3 cm i.d. and 4.6 cm long. The water leaves 
the test chamber, is drawn into the pump, and is pumped back into the 
150-ml jacketed beaker, which is stirred by a magnetic stirrer. 


Procedure-Before a release rate experiment was begun, a water 
baseline was established by adding 130 ml of deionized water to the 
150-ml jacketed beaker. The water bath was adjusted to the appropriate 
temperature, and the system and water were allowed to equilibrate. 
Temperature was controlled within f0.1". The test chamber then was 
half-filled with glass beads. A weighed suppository was inserted into the 
center of the chamber, using a plunger assembly that allowed the operator 
to position the suppository reproducibly. The remainder of the chamber 
was filled with glass beads, and its upper section was connected. The 
chamber then was lowered into the water bath along with the glass coil 
and fixed into an upright position. The pump was started immediately 
in the reverse direction, allowing the water to fill the test chamber from 
the bottom up. As soon as the entire system was filled, the flow was re- 
versed so that the water flowed from top to bottom in the chamber. 


20 40 60 80 100 120 
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Figure 5-Replicate 3 7 O  dissolution experiments for the release of 
benzocaine from Base Busing the modified dissolution cell. Key: 0 and 
O, Day 1; and A and 0, Day 2. 
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Figure 6-Comparative release of benzocaine from Base A (4 and B 
(0)  suppositories at  37'. 


The flow rate was controlled at  30 f 0.5 ml/min. Drug release was 
monitored with a UV spectrophotometer (282 nm) equipped with a re- 
corder. The cumulative amount released with time was calculated from 
the recorder tracings by converting absorbance to  concentration and 
multiplying by the volume of the dissolution medium. Before each run, 
the UV spectrophotometer was checked with two solutions of known 
benzocaine concentrations to assure that absorbance was linear with 
concentration. 


RESULTS AND DISCUSSION 


The concept of a flow system employing a bed of beads was shown to 
be useful for studying dissolution rates of solids. A system for testing 
tablets and granules in which the sample is placed within the bed was 
described previously (49). Reproducible dissolution rates for drug pow- 
ders were obtained (50) by mixing the powder with a diluent and placing 
the mixture between two layers of glass beads in a flowcell. Rippie and 
Huq (51) used a flowcell containing several layers of glass beads in which 
the bead size was reduced successively. Drug powder, introduced at the 
top, then migrated through the bed as dissolution occurred. These recent 
reports demonstrate the distinctness of this type of system opposed to 
the usual vessel and flow systems used for dissolution testing. 


Suppository drug release is influenced by factors such as: drug-vehicle 
interactions; vehicle composition; crystalline form of the vehicle (poly- 
morph); solubility, partition coefficient, and drug permeability in the 
vehicle; particle size of the drug (dispersed system); and drug concen- 
tration in the vehicle. Experimental parameters such as the temperature 
of the dissolution solvent and flow rate should influence the observed 
release patterns. 


This report presents a preliminary evaluation of the continuous flow 
bead- bed concept using two types of suppository bases with benzocaine 
as the model compound. Benzocaine was selected because benzocaine 
suppositories are marketed and because it has a UV-absorbing chromo- 
phore that allows it to be easily assayed. 


The two suppository bases (A and B) were mixtures of glycerides of 
fatty acids. They possess physicochemical properties representative of 
the many vehicles purchased from commercial suppliers (10) and have 
been studied with several different prostaglandins (3-5). 


Figures 3 and 4 show the release profiles of benzocaine in duplicate 
from Bases A and B, respectively, on each of 2 different days, using the 
original dissolution chamber. Figure 5 gives the release profiles from the 
new chamber. These data indicate that there was no major difference 
between the two chambers (i .e. ,  within 10%). 


The replicate runs were performed within 3 days to avoid any potential 
effects of a polymorphic change of the base on the drug release rate. The 
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Figure 7-Photographs of suppositories after 2 hr (37') in the bead-bed 
dissolution apparatus. Scale marker = 0.31 cm. 


thermal behavior of Base B (with benzocaine) was verified by differential 
scanning calorimetry; these scans were invariant with time7. The disso- 
lution results indicate very good reproducibility of the data. Comparisons 
of the 15 time points on the curves from four runs gave an average relative 
standard deviation of 6.13% for Base A and 3.36% for Base B. Therefore, 
95% of the time the complete release profile will be reproduced with a 13% 
variation for Base A and a 7% variation for Base B. 


Release from the bases is compared in Fig. 6. The bars represent the 
standard deviation of the points. The percentages of benzocaine released 
during the first 30 min were similar, but the lower melting Base A ex- 
hibited a much faster release at  later times. Figure 7 shows the physical 
form of the two bases after 2 hr in the bead-bed at 37'. They were allowed 
to solidify at  room temperature before removal. 


The low melting Base A softened and stayed within a confined region 
of the bead-bed. The higher melting Base B maintained its form, showing 
slight indentations from the beads. Suppositories of these types do not 
show complete melting at 37' but rather a softening of the suppository 
matrix. At  temperatures well above their melting points, total liquefaction 
takes place. The degree to which the beads actually penetrate the sup- 
pository depends on the thermal behavior of a given suppository. 


The similar early release of benzocaine from the two bases most likely 
results from the fact that they initially are both rigid. It requires time 


1 After -1 month of storage at 25', the differential scanning calorimetric curves 
began to change with a concomitant decrease in the release profiles. Alteration in 
the thermal behavior of semisynthetic bases was recently reported (52). 
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Figure 8-Release of benzocaine, plotted as the square root of time, 
from Base A (0) and B (A) suppositories at  37'. 


before the suppositories soften sufficiently to detect significant differ- 
ences in release. Visual examination of Base A after 5 and 20 min sup- 
ported this view. After this time, bead penetration restricts the area for 
drug release. Therefore, in uitro release from Base A is actually higher 
than observed. Plota of the percent released uersus the square root of time 
were linear with correlation coefficients of 0.990 and 0.996, respectively 
(Fig. 8). This type of release kinetics follows the matrix-controlled release 
theory previously developed (53). It is particularly applicable to Base B, 
which maintained its shape (constant surface area) during the test pe- 
riod. 


To investigate bead penetration further, the influence of temperature 
on the release of benzocaine from Base B was studied in more detail. 
Release curves as a function of temperature are presented in Fig. 9. The 
release profiles did not increase as a direct function of temperature. For 
example, release increased from 33 to 37', with 39 and 40' data being 
comparable to the 33' run. 


The fastest release profile was achieved at 45' where complete melting 
of the base occurred. At f i t ,  this overall temperature dependence seemed 
surprising. However, close examination of the physical state of the sup- 
pository in the beads provided the reason for this behavior. While the 
suppository was in the dissolution apparatus, it softened and eventually 
melted. As it softened, the beads became impressed within the supposi- 
tory (Fig. 10). At 39 and 40°, the beads penetrated the surface of the 
suppository, thereby reducing the surface area available for drug release. 
Once the base melted completely (e.g., 45'), release increased again due 
to the spreading of the oil in the bead-bed. A t  this temperature, oil 
globules were found floating at  the top of the beads. Although release was 
temperature dependent, it was reproducible a t  the temperatures studied. 
This finding supports the continued evaluation and development of this 
apparatus, which is particularly well suited for suppositories that rea- 
sonably maintain their shape during the dissolution process. 


In view of the influence of the beads on release at  temperatures that 


20 40 60 80 100 12% 
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Figure 9-Dependence of benzocaine release from Base B suppositories 
as a function of temperature. Key: A, 45'; m, 40'; 0,39'; 0,37'; and 
A, 33'. 
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Figure 10-Photographs of Base B suppositories after -2 hr ( 3 7 O )  in the bead-bed dissolution apparatus. Scale marker = 0.31 cm. 


cause deformation of the base, further refinements of the bead-bed ap- 
paratus are anticipated. Consideration will be given to maintaining the 
beads in a stationary position, thereby eliminating the dynamics of bead 
penetration. This can be accomplished by using a preformed bead cavity 
as a mold or a porous gel instead of the beads. 
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Abstract 0 The effect of caffeine on the absorption of ergotamine from 
the rat small intestine was studied. The results of a series of experiments 
showed that caffeine significantly enhanced absorption of ergotamine 
from solutions of pH 5.0 when both substances were in solution and when 
an intact blood supply was either absent (in uitro everted sac experi- 
ments) or present (in situ experiments). Caffeine did not appear to in- 
fluence the absorption rate of ergotamine in in situ experiments when 
the solution pH was 3.0. Isosorbide dinitrate, a vasodilator, enhanced 
ergotamine absorption when both substances were administered simul- 
taneously into intestinal loops in situ. Isosorbide dinitrate probably 
exerts its effect by increasing blood flow to the intestine. The results are 
consistent with an hypothesis that the rate-determining step in ergot- 
amine absorption is the transport of the drug from a lipid phase (GI 
membrane) into an aqueous phase (blood). Caffeine is thought to exert 
its rate-accelerating effect by increasing the water solubility of ergotamine 
neutral molecules. 


Keyphrases Caffeine-effect on ergotamine absorption from rat small 
intestine, in uitro and in uiuo studies 0 Ergotamine-effect of caffeine 
on absorption from rat small intestine, in uitro and in uiuo studies 0 
Absorption-ergotamine, effect of caffeine on absorption from rat small 
intestine, in uitro and in uiuo studies 0 Analgesics-ergotamine, effect 
of caffeine on absorption from rat small intestine, in uitro and in uiuo 
studies 


Ergotamine tartrate is widely used in the treatment of 
migraine (1,2). When administered parenterally, it is ef- 
fective in relieving migraine pain (3,4), but oral adminis- 
tration often affords no relief (5 ,6) .  Regardless of the route, 
ergotamine must be administered early in an attack to be 
effective (7). The frequent failure of oral ergotamine 
therapy appears to be related to its relatively low water 
solubility (1500) and the fact that its absorption from the 
GI tract into the systemic circulation often is slow or im- 
paired during a migraine attack (4-9). 


Simultaneous oral administration of caffeine and er- 
gotamine results in more effective therapy than ergotamine 


administered alone (10-12). Recent pharmacokinetic 
studies in humans indicated faster and more complete 
absorption of ergotamine after oral administration when 
it is combined with caffeine (13). Zoglio et al. (14) con- 
ducted in uitro experiments to elucidate the mechanism 
by which caffeine enhances ergotamine absorption; caf- 
feine increased the solubility and dissolution rates of er- 
gotamine in 0.1 M HCl and in 0.1 M phosphate buffer (pH 
6.65) and was claimed to accelerate the partitioning of 
ergotamine from an aqueous (pH 6.65) to an organic 
(chloroform) phase. These observations led to the con- 
clusion that the solubilizing effect of caffeine on ergot- 
amine in water is the major factor in its enhancement of 
oral ergotamine migraine therapy. 


The present study was undertaken to determine the 
effect, if any, that caffeine has on ergotamine absorption 
across the rat small intestine when both substances are 
dissolved. 


EXPERIMENTAL 


Ergotamine Assay-Ergotamine concentrations were calculated from 
the results of reversed-phase high-performance liquid chromatographic 
(HPLC) assays (15). The mobile phase was acetonitrile-1% sodium ac- 
etate/acetic acid buffer (55:45) at pH 6.5. The stationary phase was a 
10/25 ODS column, and ergotamine was detected by fluorescence spec- 
trometry (Aex = 325 nm; A,, = 407 nm). 
In Vitro Studies (Everted Sac Technique)-Adult male Hooded 


Wistar rats, 240-280 g, were fasted in cages designed to prevent co- 
prophagy for at least 12 hr before sacrifice. Water was allowed ad libitum. 
The rats were killed by a blow on the head. The small intestine was re- 
moved immediately, rinsed with Krebs-Henselite solution, sleeved onto 
a glass rod, and everted carefully. The first 15 cm, beginning with the 
pylorus, was discarded, and the next 8-cm segment was used in the ex- 
periments. 


The segment was attached to a cannula at the proximal end, trimmed 
to 7 cm, and ligated a t  the distal end so that 6 cm of the everted intestine 
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Abstract A more rapid cell-counting technique using an electronic 
cell counter was developed as an improvement over the slower hemocy- 
tometer method. The electronic counting method produced cell counts 
that had a smaller standard deviation but were not significantly different 
from the hemocytometer method. The acetate, hexanoate, and decanoate 
esters of p-N,N-bis(2-chloroethyl)aminophenol were investigated for 
acute toxicity in mice, effects on survival times, and effects on L-1210 
cell populations in L-1210 leukemic mice. The decanoate ester was the 
least toxic compound and was most effective in lengthening the lifespan 
of the mice. The acetate and hexanoate esters were more effective in re- 
ducing L-1210 cell populations. 


Keyphrases 0 p-N,N-Bis(2-chloroethyl)aminophenol-ester deriva- 
tives synthesized and evaluated for antileukemic activity and toxicity, 
comparison of two cell-counting methods 0 Antileukemic activity- 
p-N,N-  bis(2-chloroethyl)aminophenol ester derivatives, synthesis and 
evaluation for antileukemic activity and toxicity, comparison of two 
cell-counting methods 


Leukemia is a malignant tumor characterized by an 
overproduction of leukocytes and the presence of abnormal 
cells in hemopoietic organs (I). The proliferating leukemia 
cells fill the bone marrow spaces and prevent maturation 
of the red blood cells. These cells spill over into widely 
scattered areas of the body and accumulate even in organs 
with no inherent blood-forming capacity such as the 
spleen, liver, and lymph nodes (2). Lymphoid leukemia 
L-1210, a form of ascitic tumor, was induced in the spleen 
and lymph nodes of mice by painting the skin with 3- 
methylcholanthrene (3). The BDA/2 strain of mice is a 
reliable host in which to propagate this tumor system (4). 
An important characteristic of L-1210 leukemia is a widely 
disseminated proliferation resulting in death within 8-11 
days (3). 


A measure of the effectiveness of a cytotoxic agent 
against a neoplastic disease is its ability to kill or retard 
tumor cell growth at a dose that is not toxic to the host. A 
compound can be evaluated quantitatively by measuring 
its ability to increase the average survival time of L-1210 
leukemic mice and to reduce the number of leukemic 
cells. 


A model series of antineoplastic agents was synthesized 
in these laboratories for investigating the relationship of 
lipophilicity and antineoplastic activity. Three represen- 
tative compounds, the acetate, hexanoate, and decanoate 
esters of p-N,N-  bis(2-chloroethyl)aminophenol, were se- 
lected from the series for this investigation. Cyclophos- 
phamide was used for comparison. 


The specific objectives of this investigation were to: ( a )  
determine the acute toxicity as measured by the LD50 for 
each compound studied, ( b )  determine the effects of each 
compound on L-1210 cell populations and the prolongation 
of life in leukemic mice, and ( c )  develop a rapid technique 
for the determination of tumor cell populations and com- 


pare this technique with the conventional hemocytometer 
method. 


EXPERIMENTAL 


Test Animals-DBAI2 mouse strain', BDFl mouse strain', HA/ICR 
mouse strain2, and L-1210 leukemic mice (tumor s ~ u r c e ) ~  were used. 


Instruments-The necessary equipment included an electronic cell 
counter4, a channelizer4, a dilutor4, an x-y recorder4, a hemocyt~meter~, 
and a microscope6. 


Materials-Counting diluent4, red blood cell-lysing reagent4, crystal 
violet7, Giemsa stains, isotonic diluting solutions, trypan bluelo, Wright's 
stain7, and cyclophosphamide' ' were obtained commercially. The fatty 
acid esters of p-N,N- bis(2-chloroethyl)aminophenol were prepared in 
these laboratories, and their physical and analytical data are reported 
in Table I12. These compounds will be referred to  as the acetate, hexa- 
noate, and decanoate esters. 


Pretoxicity Testings-Groups of two healthy (HAACR) male mice 
were injected intraperitoneally with 500, 100, 10, 1, or 0.1 mg of test 
drugkg in propylene glycol to evaluate the dose range for the pharma- 
cological screen and LDm determination. 


Pharmacological Screen and LDbo Evaluation-Five groups of six 
(HA/ICR) mice each were selected. A gross screen was conducted for 
acute toxicity, and results were recorded during the 3 hr following in- 
jection. The mice were observed and weighed every day for 21 days, and 
the mortalities were recorded daily. A linear regression and correlation 
coefficient program (5) and a graphic method (6) were applied to deter- 
mine the LD5o for each drug test. 


Transplantation Procedures-Sterile equipment was used under 
aseptic conditions. DBAI2 (6-9-week-old) host mice bearing L-1210 
leukemia for 6-7 days were the tumor donors; they were sacrificed under 
ether vapor, immersed in 0.1% benzalkonium chloride, and swabbed with 
70% ethanol. A 10-ml hypodermic syringe equipped with a 20-gauge 
needle (flushed with heparin a t  loo0 USP units/ml) was inserted into the 
abdominal cavity of the mouse and aspirated to obtain the lymphoid 
leukemia L-1210 cells (7). 


The leukemia cells were placed in a container over ice. One drop of 
ascitic fluid was prepared for microscope examination. Cell morphology 
was determined by staining with Wright's or Giemsa stain to differentiate 
the leukocytes and lymphoblasts (8). Ascitic fluid containing at least 95% 
lymphoblasts or lymphocytes was used for transplantation in DBA/2 mice 
for tumor maintenance and in BDFl mice for antileukemic studies. All 
inoculations of L-1210 cells were made within 1 hr after cell removal from 
the host mouse to ensure a viable transplant. 


Determination of Cell Counts- With Electronic Cell Counter- 
Ascitic fluid dilutions were made using a dilutor. A 40-pl sample of ascitic 
fluid was diluted with 20 ml of counting diluent to make a 1500 dilution 
for the white blood cell counts. A 200-4 sample of the 1:500 dilution was 
used to make a 1:50,000 dilution in counting diluent for the red blood cell 
counts. Six drops of the red blood cell-lysing reagent were added to the 


1 Jackson Laboratories. 
2 ARSISprague-Dawley. 
3 National Cancer Institute, National Institutes of Health, Besthesda, Md. 
4 Model ZB counter and accessories, Coulter Electronics. 
6 American 0 tical Co. 
6 Model RA, tar1 Zeis, West Germany. 


Matheson, Coleman & Bell. 
Fisher Scientific Co. 
Microbiological Associates. 


lo Allied Chemical Co. 
l1 Cytoxan, Mead Johnson Co. 
12 Taken in part from M. B. Caldwell, M.S. thesis, College of Pharmacy, Uni- 


versity of South Carolina, Columbia, S.C., 1974. 
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Table I-Physical Data and Elemental Analysis for the  Esters of 
p -  N,N-Bis(2-chloroethyl)aminophenol 


Mol. Observed Analysis, % 
Derivative Wt. Melting Point Calc. Found 


Acetateasb 276 Oil C 50.53 50.62 
H 5.61 5.28 
N 4.93 4.83 


Hexanoate 332 40.5-41 O C 57.83 58.02 
H 6.93 6.85 
N 4.22 4.12 


Decanoate 388 Semisolid C 61.86 61.81 


Hexanoate 332 40.5-41 O C 57.83 58.02 
H 6.93 6.85 
N 4.22 4.12 


Decanoate 388 Semisolid C 61.86 61.81 
H 7.99 8.01 
N 3.61 3.47 


0 The calculated carbon, hydrogen, and nitrogen percentages include an average 
of 0.5 mole of waterhole  of the derivative. b W. C. J. Ross, G. P. Warwick, and J. 
J. Roberts, J. Chem. SOC., 1955,3110. 


remaining 1:500 dilution of ascitic fluid, and white blood cell counts were 
performed using the electronic cell counter. 


After completion of the white blood cell counts, the red blood cell 
counts of the 1:50,000 dilution were determined. Six readings for each 
dilution were recorded and corrected, and the mean cell values were 
calculated. Peripheral blood samples, obtained by puncture of the oph- 
thalmic venous plexus of the mouse eye using a heparinized capillary tube, 
were treated in a similar manner. 


With Hemocytometer-Ascitic fluid was diluted 20-fold with a white 
cell-diluting fluid using a white blood cell pipet. A 1% acetic acid solution 
containing 0.001% trypan blue was used to establish cell viability. A he- 
mocytometer was used to determine the cell counts (2,9). White blood 
cell and red blood cell counts were recorded as the mean of the five ob- 
servations in each test from ascitic or blood samples. After determining 
cell viability and cell counts, the ascitic fluid was diluted with isotonic 
diluting solution. The inoculum contained 1 X lo5 tumor cells in 0.1 ml. 
A 1-ml tuberculin syringe equipped with a 25-gauge needle was used to 
inject 0.1 ml of diluted ascitic L-1210 cells into the DBA/2 or BDFl 
mice. 


In Vivo Determination of Antileukemic Activities by Survival 
Times versus Cell Differentiation-On Day 0, the tumor was im- 
planted into BDFl male mice; the number of survivors was recorded daily 
during the test period. The doses used were below the LDlo value of each 
test drug to minimize drug toxicity (4). The test solutions were injected 
within 15 min after preparation a t  a dose volume not to exceed 0.01 ml/g 
of body weight. The test drug solutions were administered intraperito- 
neally to each test group on Days 2 and 5. The experiment was evaluated 
on the day of death for the last animal in a test group or after 30 days 
(4). 


For leukemia cell differentiation, the drugs were administered in the 
same manner as in the survival study; these experiments were evaluated 
on Day 7. The test animals were sacrificed, the ascitic fluid was collected, 
and the leukemia cells were counted. 


RESULTS AND DISCUSSION 


The gross appearance of leukemic mice was observed after inoculation 
of 1 X lo5 leukemia cells in six BDFl mice. The body weight, hair ap- 
pearance, motor activity, food intake, and size of the abdominal cavity 
remained normal until around the 4th or 5th day after inoculation. After 
5-6 days, the abdominal cavity appeared enlarged and distended from 
an accumulation of ascitic fluid. Body weight generally increased 5-10% 
after 7 days or by the time of death. Piloerection and alopecia were ob- 
served as the disease approached the lethal stage. Beginning on the 5th 


Table 11-Summarv of Acute Toxicitv of CvcloDhosDhamide and  
t h e  Fat ty  Acid Ester Derivatives Administired-Intraperitoneally 
to Male HA/ICR Mice 


95% 
Confidence Slope, 


LD50, LD50, Limits, probit 
Druga mg/kg pmoles/kg pmoles/kg log dose 


Decanoate ester 19.7 55.4 32.31-78.4 2.5045 
Hexanoate ester 17.7 53.3 38.19-68.43 3.2822 
Acetate ester 14.0 50.8 30.5-70.8 2.4724 
Cylcophosphamide 281.4 1078 880.5-1272.0 4.6279 


Administered in propylene glycol. 


Table 111-Comparison of Doses Producing Optimal Survival 
Times (70 TIC) of Treated L-1210 Leukemic BDFl Mice 


Dose, Mean Survival Time, days 
pmoles/ (*SE) Survival, 


Druga kg Test Group Control Group % T/C 
. .. 


~ ~~~~ 


Cyclophosphamide 499.00 23.0 (2.5)c 8.83 (0.31) 255.6 
Acetate 5.44 9.66 (2.74) 8.33 (0.21) 116.0 
Hexanoate 3.01 10.16 (2.031 8.67 (0.42) 117.3 
Decanoate 4.7 12.0 (1.57) 8.00 (0.26) 150.0 


The 9% T/C represents 
the ratio of the sum of number of days (T) each treated animal survives to the sum 
of the number of days each control animal (C) survives multiplied by 100. p < 0.01. 


~~~~ ~ 


Administered in propylene glycol to six mice/group. 


p < 0.05. 


or 6th day, the leukemic mice were rejected by their healthier cage 
mates. 


The LD50 values for the drugs were obtained by probit analysis and 
linear regression (Table 11) (5,6). In the HA/ICR mice, the LD50 for the 
decanoate ester was 55.4 pmolesntg. Compared to cyclophospbamide, 
the decanoate ester was more toxic, but it was the least toxic of the fatty 
acid ester derivatives. The LD50 values for the hexanoate and acetate 
esters were 53.3 and 50.8 pmoles/kg, respectively. Cyclophosphamide 
was the least toxic compound, having an LD50 value of 1078 pmoles/kg. 
This value is less than literature values (1152 and 1425 pmoleskg), which 
were determined in different strains (10, 11). 


The survival of treated groups (T) to untreated control groups (C) was 
compared. A calculated % T/C value exceeding 100% implied that the 
drug treatment increased the lifespan. The doses producing optimal 
survival in leukemic mice for cyclophosphamide and the fatty ester de- 
rivatives are summarized in Table 111. 


The decanoate ester produced a maximum mean survival time (% T/C) 
of 150% at  4.7 pmoleshcg (Table 111). A small increase in survival time 
was observed for the hexanoate ester (Table III); the % T/C value at  the 
optimal survival dose level of 3.01 pmoleskg was 117%. The optimal dose 
for the acetate ester was 5.44 pmoleskg, which increased the % T/C value 
to 116%. Significant increases in survival times (255.5%) were observed 
for cyclophosphamide (Tables I11 and IV). Two mice lived beyond 30 
days, and 30% of the animals showed a complete regression of the tumor 
at  a dose of 400 pmolesntg. After treatment with cyclophosphamide, 
leukemic mice showed little evidence of ascitic tumor cells and weight 
loss. 


Table IV-Summary of Survival Times and Leukemia Cell 
Counts in Treated L-1210 HDFI Leukemic Mice 
~ ~ 


Drug, 
pmolesikg 


Cyclophos- 
phamide 
685 
616 
552 
499 
448 


Acetate 
ester 
8.15 
7.34 
5.44 
3.62 
1.81 


Hexanoate 
ester 
7.53 
6.09 
3.01 
1.51 


Decanoate 
ester 
5.28 
4.70 
3.86 
2.57 
1.27 


~~ 


~~ 


Survival 
Time, 
70 T/C 


152 
166 
170 
256' 
231 


95 
106 
115 
108 
102 


98 
112 
117 
113 


112 
150 
131 
123 
110 


Cells/mm:' (fSE)" 
Test Control 


~ 


2.750 (135) 137.150 (6837) 
21810 i722j 
2,700 (111) 
4,010 (44) 
6,800 (179) 


46,300 (1193) 
47,000 (5718) 
66,100 (2914) 
83,600 (2475) 
88,800 (3411) 


50,625 (3787) 
81,700 (2643) 
71,500 (2394) 
81,700 (2568) 


60.300 (27761 
561600 i335ij 
76,600 (2427) 
79,600 (1292) 
90.200 (2323) 


107;300 (3640) 
107,300 (3650) 
137,150 (4792) 
137,150 (4792) 


135.750 (4784) 
i35;750 (4784) 
114,175 (4573) 
114,175 (4573) 
114,175 (4573) 


150,900 (7296) 
150,900 (7296) 
150,900 (7296) 
150,900 (7296) 


135,750 (4784) 
135,750 (4784) 
148,100 (6815) 
158,100 (7354) 
158,100 (7354) 


~~~ ~ 


Cell 
Counts, 
70 T/C * 


2.0 
2.6 
2.5 
2.9 
4.9 


34.1 
34.6 
57.9 
73.2 
77.8 


33.5 
54.1 
47.4 
54.1 


44.5 
41.7 
48.5 
50.3 
57.1 


~ 


0 Electronic cell-counting procedure. The % T/C represents the ratio of  cell 
p < counts test (T) to control (C) multiplied by 100. Samples taken on Day 7. 


0.01. 
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Table V-Comparison of L-1210 Cell Counts of Ascitic Fluid 
from Untreated Leukemic BDFl Mice Determined on the 
Electronic Cell Counter or Hemocytometer on Day 7 after 
Intraperitoneal Inoculation of 1 x 10% Cells a 


Cell Count, cells/mm“ f S D  
Mouse Electronic Cell Counter Hemocytometer 


4 
5 


130,160 f 384.7 
108,520 f 645.8 
118,880 f 178.9 
158,000 f 1593.7 
108i920 f 657.3 


125.740 =& 1573 
ii3;szo f 2570 
122,500 f 1584 
151,972 f 972 
127,540 f 1181 


6 137;880 f 1507.3 125;312 f 2917 


0 Correlation coefficient = 0.943 based on the average of five individual deter- 
minations for each method (n l  = n2 = 5 )  and p < 0.05. 


A difference in drug toxicity between tumor- and non-tumor-bearing 
animals is common (4,12), although quantitating this difference often 
is difficult because the tumor may induce early death. In the higher 
dosage ranges, the mice died early from drug toxicity; at the lower dosages, 
the animals died from the tumor. 


Histological determinations were conducted on leukemic mice (BDFI) 
to note changes in the peripheral blood and ascitic fluid. The red blood 
cell and white blood cell counts from peripheral blood were comparable 
to those of the normal controls (average count of 5 X 106 and 1 X lo4 
cells/mm3, respectively) until about Day 5. After this time, the red blood 
cell counts decreased to an average of 3.9 X lo6 cells/mm3. The volume 
of ascitic fluid in the abdominal cavity increased to -2 ml by Day 7 or by 
the time of death. By Day 7, the ascitic fluid usually contained in excess 
of 1 X 105 leukemia cells (white blood cell)/mm3. In the normal mice, only 
a fraction of 1 ml of ascitic fluid having few red blood cells or white blood 
cells could be recovered. Autopsies were performed on normal and leu- 
kemic mice to compare the involved organs (liver, spleen, and lymph 
nodes). The livers became enlarged and lost the color associated with 
healthy organs. The lymph nodes and spleens also were enlarged. In ad- 
vanced stages of leukemia, the spleens increased greatly in weight, 
thickness, and length. 


The white blood cell counts in the antileukemic tests were obtained 
using both the hemocytometer and the electronic cell counter. A signif- 
icant correlation between the cell counts obtained from the two methods 
is illustrated in Table V. The electronic cell-counting method proved to 
be more statistically precise, i.e., smaller standard deviations. The in- 
creased speed of this method is important in that it reduces the time in- 
terval that the leukemia cells must be outside of an animal host during 
the transplant procedure. This maximizes the number of viable cells in 
the inoculum. Even though using the electronic cell counter proved to 
be reliable for the determination of white blood cell counts, it  still was 
necessary to determine morphological structures and viability of the 
leukemia cells by microscopic examination. 


The inhibitory effects on the growth rate of L-1210 leukemia cells (% 
T/C cell count) and the effects on survival (% T/C survival) following 
administration of cyclophosphamide and the fatty acid ester derivatives 
are summarized for the various doses in Table IV. The white blood cell 
counts of the ascitic fluid samples taken from the leukemic mice on Day 
7 after inoculation gradually decreased when the dose was increased. A 
% T/C cell count ratio of <loo% implies that the drug reduced the growth 
rate of leukemia cells. 


The reduction of cell growth rates in leukemic mice receiving the fatty 
acid ester derivatives varied with the dose. All doses of the decanoate ester 
reduced the growth rate of leukemia cells. With the decanoate ester, the 
growth rate of leukemia cells when determined on the electronic cell 
counter was reduced from 57.1 (% T/C cell count) to 41.7% (Table IV) over 
a dosage range of 1.27-5.28 pmoleshg, with the optimum reduction and 
survival occurring a t  4.7 pmoleslkg. When the dose was decreased, the 
growth rate of leukemia cells increased (Table IV). 


All doses of the hexanoate ester inhibited the growth rate of leukemia 
cells. The growth rate was reduced to 33.5% at 7.53 pmoles of the hexa- 
noate esterhg. For the hexanoate ester, the optimum cell growth inhi- 
bition was 47.4% and occurred at  the optimal dose (117% T/C survival) 
of 3.01 pmoleslkg. 


Decreased cell counts also were observed in the leukemic mice treated 
with the acetate ester. A 34.1% growth rate was obtained at  8.15 
pmoles/kg. A t  the optimal level (% T/C survival) for the acetate ester of 
5.44 pmoles/kg, the leukemia cell counts were depressed to 57.9%. All 
doses of the acetate ester inhibited the leukemic cell growth rate; however, 
this compound exhibited greater host toxicity. 


Significant reductions in the leukemia cell populations were observed 
in the cyclophosphamide studies. The % T/C cell count value decreased 
to 2.0% (Table IV) at  a dose of 685 pmolesntg. Cyclophosphamide was 
included for comparison and for establishing further the reliability of the 
animal model in determining antileukemic activity of new agents. 


Comparison of the maximum reductions in leukemia cell counts pro- 
duced with cyclophosphamide and the fatty acid derivatives revealed that 
the hexanoate and acetate esters were effective at  higher doses. At  an 
optimal survival dose of the fatty acid esters, the decanoate ester showed 
a greater reduction of the leukemia cell growth rate than the hexanoate 
or acetate esters. The results of this study indicate that additional com- 
pounds in this series may possess antileukemic activity, and the trend 
suggests that a further increase in the fatty acid side chain could lead to 
greater reduction in toxicity and an increase in survival time. 
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1 2 3 4 5 


1 
Figure 1-Sumpling probes, showing immersion depth (A). 


To reduce probe interference, five probe designs (Fig. 
1) were tested with a six-place dissolution apparatus. All 
of the probes were constructed in this laboratory. Probes 
3 and 4 were used early in the dissolution work. Probe 5 was 
designed to be similar to probes used in some commercial 
dissolution equipment. Probe 1 was the result of the lab- 
oratory’s search for a probe with minimum interference 
in the dissolution test. Probe 2 was chosen to give an in- 
termediate size between Probes 1 and 3. All probes were 
constructed from 3-mm 0.d. glass tubing. The tip of Probe 
1 was a 1.3-mm 0.d. melting-point capillary. Commercially 
available filters were used. The 5-mg prednisone tablets 
used for the test were from a sample known to give dif- 


BOOKS 


ferent results depending on the presence or absence of a 
sample probe during the test. 


One probe was suspended in each of five dissolution 
vessels, and the sixth vessel was used without a probe. The 
probes were placed halfway between the vessel wall and 
the paddle shaft, with the probe tip 25 mm below the liquid 
surface (approximately halfway between the liquid surface 
and the top of the paddle). The dissolution test was con- 
ducted for 30 min; samples then were withdrawn with a 
syringe for analysis by the USP (2) procedure. The test was 
repeated, and then the probes were moved to different 
vessels. This procedure was repeated until all probes were 
tested in duplicate in each vessel. This experimental design 
eliminated interference from sources other than the 
probes. 


The data (Table I) show that there was a direct rela- 
tionship between the displacement volume of the sampling 
probe and the increase in dissolution rate for the sample 
used. With the tablets used in this study, no effect on the 
observed dissolution rate was noted from Probe 1. How- 
ever, the presence of any foreign object disturbs the hy- 
drodynamics of the dissolution medium, and it is possible 
that the results from other, more sensitive samples could 
be influenced by the use of Probe 1. 


The results show that the displacement volumes of 
sampling probes used with automated samplers should be 
as small as possible to reduce interference with the disso- 
lution test. 


(1) “The United States Pharmacopeia,” 20th rev., United States 
Pharmacopeial Convention, Rockville, Md., 1980, p. 959. 
(2) Ibid., p. 655. 
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REVIEWS 


Pharmacy: A Profession in  Search of a Role. By JACK ROBBINS. 
Navillus Publishing Corp. 1979. 143 pp. 15 X 23 cm. Price $14.95. 
(Available from Technomic Publishing Co., 265 Post Rd. W., Westport, 
CT 06880.) 
The title of this book is both provocative and ambiguous. Readers 


seeking a definitive statement of the professional status or role of the 
pharmacist will not find it, nor will they find an expression of the need 
for clinical pharmacy, specialists, or new directions for the future. 


Most of this book (large type, liberal white space) is devoted to an 
objective presentation of a 1975 mail survey of pharmacists. The study 
attempts to “correlate the dynamic changes in pharmacy during the past 
half century with the various modes which pharmacists have adopted to 
make their role expectations more consonant with their performance” 
and “to incorporate social-psychological theory in order to better un- 
derstand the motivations underlying pharmacists’ various adaptation 
modes.” Theories (including role theory, role conflict and adaptation, 
and profesaionalization) are presented in easily understood language and 
context. Although a more in-depth discussion might be preferred, this 
approach is rational, laudable, and worthwhile in an area that too often 
is merely descriptive. 


Chapter 5, Generational Effects: Younger versus Older Pharmacists, 
is especially intriguing to the reader seeking insight into the direction 
of future change. Chapter 8, Role Conflict and Social Change, is excellent 
and expands on the familiar business-professional conflict, reporting both 
the extent and direction of conflict within the context of practice 
changes. 


Given the emphasis and style, chapter titles, acknowledgments, and 
cautious conclusions and projected future trends, one suspects that the 
book originally was a dissertation, a suspicion heightened by a citation 
of the same title by the same author in Dissertation Abstracts (1977). 
The dissertation subtitle, Functional and Psychological Adaptations of 
Pharmacists to Technological and Social Changes During the Past 50 
Years, is descriptive of the contents. Exclusion of the survey instrument 
and the inadequate literature search (for example, no citations after 1976) 
will disappoint the researcher. 


The foreword indicates that the book should be read by social scientists, 
pharmacy educators, individual pharmacy practitioners, pharmacy as- 
sociation executives, other health-care practitioners and organizations, 
members of Congress, and health-care planners and administrators. Such 
a broad appeal is unlikely to satisfy anyone completely. 


The book should be of interest to pharmacy school administrators and 
pharmaceutical industry executives and employees whose market is 
practicing pharmacists. Chapter 4, Opinions About the Industry and 


Journal of Pharmaceutical Sciences I 233 
Vol. 70, No. 2, February 1981 







Selected Companies, may hold particular interest for the latter group. 
For other readers, the chapter is an u n n e c e d l y  lengthy digression from 
the theme. The book deserves library space and would be a useful addi- 
tion to a reading list for an introductory pharmacy course. 


Reviewed by H. John Baldwin 
Behavioral and Administrative Pharmacy 
School of Pharmacy 
West Virginia University 
Morgantown, WV26506 


Analytical Procedures for Therapeutic Drug Monitoring and 
Emergency Toxicology. By RANDALL C. BASELT. Biomedical 
Publications, P.O. Box 495, Davis, CA 95616.1980.316 pp. 18 X 26 cm. 
Price $35.00. 
It is a realistic world that we work in, but one that is governed by 


idealistic regulatory agencies. As this compilation of analytical methods 
points out, one can only generate the “numbers” with the available 
equipment afforded by his or her employer. For example, you cannot 
determine the blood level of phencyclidine by nitrogen-specific GLC if 
all you have available is a dual-beam spectrophotometer. On the other 
hand, you will never achieve the sensitivity needed for phencyclidine 
detection using a dual-beam spectrophotometer. Baselt is realistic in 
pointing out that not all laboratories are equally equipped and that one 
may have to sacrifice some accuracy for speed, depending on the situa- 
tion. 


The book presents alphabetically a series of potential quantitative 
methods for 84 drugs and some general screening procedures. The drugs 
and chemicals included are those generally encountered by the clinical 
chemist and analytical toxicologist. For example, GLC procedures are 
given for ibuprofen, ketamine, and methylphenidate. Three methods are 
given for the oral hypoglycemics. Blood levels in the therapeutic and toxic 
ranges are given for each drug. 


The introduction could have included some guidelines for the inter- 
pretation of the blood levels given for therapeutic, toxic, and lethal 
concentrations. Consideration must be given to whether these levels were 
obtained from human or animal data. Also, lethal levels may be those 
reported from only a single, isolated case or may represent a minimum 
lethal level. Consideration also must be given to any disease states or 
tolerance the person may have to a particular drug. 


In general, the book lacks any specific indications of the factors that 
affect blood drug levels. The book deserves consideration and will serve 
as a reference in any forensic or clinical laboratory. It is useful for new 
laboratories or for laboratories that are expanding the number of tests 
they perform. It also gives important information concerning the 
equipment and supplies necessary in establishing an analytical toxicology 
laboratory. 


The greatest utility of this book will be for analytical toxicologists, 
pathologists, and medical technologists in a large teaching hapital where 
emphasis is placed on therapeutic drug monitoring. 


Reviewed by Charles L. Winek 
Duquesne University 
Pittsburgh, PA 15219 


How to Write and Publish a Scientific Paper. By ROBERT A. DAY. 
IS1 Press, 325 Chestnut St., Philadelphia, PA 19106.1979.160 pp. Price 
$8.95. 
This valuable and witty book was written by a managing editor with 


25 years of experience. Until this year, he was managing editor for the 
journals published by the American Society for Microbiology. The first 
15 of the 26 chapters deal with the preparation of the different elements 
of a manuscript, beginning with a definition of a scientific paper and 
ending with where and how to submit the manuqcript. The next two 
chapters describe the review and publishing processes. Chapter 22 is on 
ethics, rights, and permissions. The next three chapters discuss the use 
and misuse of English. 


I recommend the book to authors and editors. If authors would learn 
its lessons, editors would return fewer manuscripts to be rewritten due 
to poor style. Perhaps editors should enclose a copy of the book with re- 
turned manuscripts! The book should be required reading for those who 
prepare internal documents in our institutions-academic, corporate, 
and governmental. 


The next edition should have a chapter on footnotes, one on the metric 
system, and one directed to the typist. Manuscripts are received with 
footnotes typed single spaced at the bottom of the page. Too many au- 
thors of documents do not know how to abbreviate the metric or English 
system of units. The appendix on accepted abbreviations in this book 
gives the abbreviations for cubic centimeter, gram, and liter but not for 
milliliter. Typists must receive on-the-job training in manuscript prep- 
aration; their schools do not teach them, nor apparently do their em- 
ployers. 


Reviewed by Frederick Kavanagh 
829 36th St., N .  W.  
Coruallis, OR 97330 
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Casarett and Doull’s Toxicology-The Basic Science of Poisons, 2nd 
Ed. Edited by JOHN DOULL, CURTIS D. KLAASSEN, and MARY 
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rections, the overall plasma clearance of caffeine was virtually unaffected 
by acute aminophylline administration. 


The need for establishing dosage guidelines for safe intravenous ad- 
ministration of theophylline has been stressed (22). Theophylline has 
a narrow therapeutic index of 10-20 pg/ml, and tfie risk of toxicity, in- 
cluding seizures and death, increases as serum concentrations exceed this 
range. In asthmatic patients receiving chronic theophylline therapy, 
routine monitoring of serum drug levels is recommended. Interactions 
of theophylline with other exogenous compounds may influence the 
therapeutic outcome of this drug. For example, methylxanthines such 
as caffeine and theobromine, present in various common beverages and 
foods, were shown to inhibit theophylline metabolism in humans (9). In 
the present study, the theophylline half-life in beagle dogs actually de- 
creased after multiple doses of caffeine, probably due to enzyme induction 
by the latter. Nevertheless, plasma theophylline levels were elevated and 
sustained as a result of metabolic conversion of administered caffeine 
to theophylline. 


These observations may suggest the need to reduce theophylline 
maintenance doses in asthmatics who are chronic coffee drinkers. Caution 
is also warranted in treatment with theophylline in breast-fed infants, 
who may be exposed to methylxanthines in the milk (23,24). Recently 
it has become evident that theophylline is biotransformed to caffeine by 
N-methylation in the premature newborn infant (25-28), which further 
complicates theophylline-caffeine interactions. This metabolic pathway 
was not observed in adult humans (25) and dogs in the present study. 
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Abstract 0 The estrogenic, antiestrogenic, and receptor binding activity 
of a series of cyclopropyl analogs of stilbene and stilbenediol were de- 
termined using the uterotropic assay in the mouse and the receptor 
binding assay with rat uterine cytosol. One compound, 1,l-dichloro-ck- 
2,3-diphenylcyclopropane (11), displayed antiestrogenic activity in uiuo 
with a low affinity for the estrogen receptor in uitro and showed tumor 
remission activity on 7,12-dimethylbenz(a)anthracene-induced estro- 
gen-dependent rat mammary tumors. Compounds VIII, IV, and V (in 
that order) exhibited the greatest estrogenic activity in the mouse and 


the greatest receptor binding activity in uitro. Compound VIII exhibited 
antifertility activity in the mouse. 


Keyphrases 0 Estrogenic activity-cyclopropyl analogs of stilbene and 
stilbenediol, mice 0 Antiestrogenic activity-cyclopropyl analogs of 
stilbene and stilbenediol, mice 0 Receptor binding activity-cyclopropyl 
analogs of stilbene and stilbenediol 0 Stilbene and stilbenediol-cy- 
clopropyl analogs, pharmacological activity in mice and rats 


Various rigid ring systems have been used to lock func- 
tional groups into desired conformations to study receptor 
interactions (1, 2). The cyclopropane ring is a relatively 
new structure to be employed synthetically to produce a 


fixed stereochemical configuration with minimal steric. 
interference in potential medicinal agents (3-5). Magarian 
and Benjamin (6) reported the preparation of a series of 
stilbene and stilbenediol derivatives (Table I) containing 
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Table I-Estrogenic, Antiestrogenic, and Receptor Binding 
Activity of the Cyclopropyl Analogs 


R, 
trans 


Compound Configuration 


Estradiol 
I trans 


I1 CLS 
I11 trans 
IV trans 
V trans 


VI trans 
VII trans 


VIII trans 
IX c1s 
X trans 


RI 


C1 
c1 
H 
Cl 
c1 
C1 
c1 
H 
H 
H 


- Rz R3 


Relative 
Uterotropic Antiestrogenic 


R4 Activityn Activity 


-d  
-d 


100 
H -d 
~~ 


H 
OCH3 
OH 
OCOCH3 
OCH3 
OCH3 
OH 
H 
H 


- d  
- d  


1.63 
1.57 


-d 
-d 


-d 
-d 


2.55 


Relative 
Receptor 
Binding 


ActivityC 


100 
0.02 
0.0086 
0.4 


48.6 
3.6 
0.0038 
0.049 
9.1 
0.0045 
0.0064 


~~ 


a Activity expressed as a percentage of estradiol activity accordin to Bliss (10). * Dose of analog that would produce a 50% reduction in the uterotropic response to 
0.04 pg of estradiol. c (Concentration of estradiol that displaced 70% f3H]estradiol/concentration of analog that displaced 70% [3H]estradiol) X 100. No response. Not 
tested. 


the cyclopropyl moiety in place,of the double bond to 
produce conformationally rigid, isomeric structures with 
substituent groups above and below the plane of the cy- 
clopropane ring. This configuration is in contrast to the 
coplanar structure of the parent series, such as in the 
stilbenediol derivative trans-diethylstilbestrol, where 
resonance interactions and minimal steric interference 
tend to hold the two aromatic rings and connecting eth- 
ylene carbons in the same plane. It was anticipated that 
this new stereochemical conformation in the stilbene and 
stilbenediol series might produce antiestrogenic activity 
by preventing estrogens from expressing their full effects 
on estrogen target tissue and thus could be used to probe 
estrogen receptor events (6). 


These compounds were studied to provide additional 
insight into the steric requirements of the ligand that binds 
to the estrogen receptor since the molecular shape of the 
ligand determines antiestrogenic activity (7) .  They also 
served as a basis for obtaining structural information for 
the design of new antiestrogens. The present study ex- 
amined the cyclopropyl analogs not only for estrogenic, 
antiestrogenic, and receptor binding activity but also for 
antifertility and antineoplastic activities. 


EXPERIMENTAL 


Uterotropic Assay for Estrogenic and Antiestrogenic Activ- 
ity-The assay for estrogenic activity was a modification (8) of the 
method of Rubin et al. (9). Immature Swiss-Webster mice, 10-14 g (-21 
days old), were distributed randomly into groups of five or six mice each. 
Estradiol and the test compounds were dissolved separately in sesame 
oil and administered subcutaneously in a volume of 0.1 ml. Control ani- 
mals were treated with the same volume of sesame oil alone. 


All animals were treated daily for 3 consecutive days. On the 4th day, 
the animals were sacrificed; the uteri were dissected carefully, blotted 
lightly, and weighed to the nearest 0.1 mg. Body weights also were re- 
corded. Estradiol was used in the dosage range of 0.01-0.04 pg (total dose) 
as the assay standard. Each cyclopropyl analog was examined over a 
dosage range of 1-25 pg (total dose). 


The uterotropic assay also was used to evaluate the antiestrogenic 
activity of the test compounds that did not produce an estrogenic re- 
sponse in the previous assay. The antiestrogenic assay was conducted as 


described for estrogenic activity, except that each animal in the cyclo- 
propyl analog treatment groups received a standard stimulating dose of 
estradiol(O.04 pg). The test compounds and estradiol were administered 
separately at  different injection sites to minimize possible physical in- 
teraction or reduce absorption of either compound. Antiestrogenic ac- 
tivity was measured as a decrease in the estradiol-stimulated uterotropic 
response in groups that received both the test compound and estradiol 
as compared to a group treated with estradiol alone. 


A line of best fit was plotted for each compound that produced an es- 
trogenic or antiestrogenic response. Regression analysis was used to 
calculate each line. The slope of the response to each analog was compared 
to the slope of the estradiol response to determine parallelism. The rel- 
ative uterotropic activity of each compound was expressed as a percentage 
of the estradiol activity according to the method of Bliss (10). 


Histological Preparation and Examination-Mouse uterine tissue 
was fixed in 10% formaldehyde, embedded in paraffin, sectioned on a 
microtome, and stained with hematoxylin-eosin. Slides were examined 
with a compound light microscope, and measurements were made on each 
cross section at several levels along the uterine horn. These measurements 
included: (a) the total uterine horn diameter or thickness a t  two points, 
and ( b )  the endometrial thickness a t  two points as measured from the 
endometrial-myometrial border to the maximum invagination of the 
endometrium into the uterine horn lumen. Photomicrographs of uterine 
horn cross sections and epithelial linings were taken with a camera' at- 
tached to a compound light microscope. 


Antifertility Assay-Adult (8-week-old) Swiss-Webster mice were 
used in the antifertility assay, which was a modification of the method 
of Wani et al. (11). The female mice were randomized into dosage groups 
containing eight mice per group. The test compounds were dissolved in 
sesame oil and administered by subcutaneous injection in a total volume 
of 0.1 ml. The control group received an equal volume of sesame oil. 


The female mice were dosed daily for 23 consecutive days. Males of 
known fertility were caged with the females (one male per four females) 
from treatment Days 8 to 20. During this period, the females were checked 
for vaginal plugs; body weights were recorded weekly. The females were 
sacrificed on Day 27, and the uterine horns were examiqed for the number 
of fetuses and any gross malformation. In addition, the fetal weights were 
recorded. 


Antineoplastic Assay-In this study, 50-day-old female Sprague- 
Dawley rats received a single oral dose of 10 mg of 7,12-dimethyl- 
benz(a)anthracene dissolved in 1 ml of corn oil uia a stomach tube. The 
animals were examined and palpated for tumors at weekly intervals until 
tumors were detected. Animals that displayed tumors of 1-3 cm in their 
largest diameter were included. The rats were distributed into experi- 
mental groups on the basis of the total tumor volume and number so that 


1 Polaroid Land Instrument ED-10. 
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Figure I-Uterotropic activity of the active cyclopropyl analogs. Each 
point represents the mean uterine weight from five or six mice. 


each group contained approximately the same mean tumor volume and 
mean number at the beginning of treatment. Rats in the ovariectomized 
group had both ovaries removed 1 day prior to treatment. 


Analog I1 was dissolved in olive oil at a concentration of 1.2 mg/ml. The 
treatment group received 0.6 mg of I1 (0.5 ml sc) three times per week, 
and the control group received an equal volume of olive oil. The dose of 
I1 was doubled after the 3rd week of therapy. Tumor size was determined 
twice weekly in all groups using a vernier caliper to measure the major 
and minor diameters of each tumor. Tumor volume was calculated based 
on an ellipsoid tumor shape (V = 4/3rr;rz, where rl is the minor tumor 
radius) (12). 


Receptor Binding Assay-A modification of the competitive receptor 
binding assay method of Korenman was used (13). Uteri were removed 
from female Sprague-Dawley rats weighing -250 g. The uteri were 
cleaned of connective tissue and homogenized in 5 volumes (w/v) of 
ice-cold tromethamine buffer containing 0.02 M tromethamine hydro- 
chloride, 0.0015 M disodium ethylenediaminetetraacetate, and 0.25 M 
sucrose; the pH was adjusted to 7.4. The tissue was homogenized using 
a motor-driven ground-glass tissue homogenizer placed in an ice water 
bath. The homogenate was centrifuged at  l00,OOOXg for 1 hr a t  4O using 
a swinging bucket rotor2 on an ultracentrifuge3. 


The supernate (cytosol) was used immediately after preparation in the 
receptor binding assay. Incubations were conducted for 20 hr a t  4 O  in a 
total volume of 0.5 ml of tromethamine buffer containing 100-150 pl of 
uterine cytosol, 0.01 pCi of 2,4,6,7-(n)-[3H]17/3-estradio14 (327 mCi/rng), 
and various concentrations of the test compounds. Each test compound 
was assayed at three concentrations over a range of 10-4-10-6 M for the 
cyclopropyl analogs and of 10-7-10-9 M for the estradiol standard. The 
test compounds were dissolved in ethanol; in all cases, the final ethanol 
concentration was <2% of the incubation medium. 


At the end of incubation, the cytosol-bound [3H]estradiol was separated 
from the unbound [3H]estradiol by the addition of 0.5 ml of dextran- 
coated charcoal solution (tromethamine buffer containing 0.05% dextran 
70 and 0.5% activated charcoal6). The assay tubes were vortexed and 
centrifuged at  500Xg for 15 min. The [3H]estradiol concentration of a 
0.5-ml aliquot of the supernate was determined by liquid scintillation 
spectrometry using an aqueous compatible scintillation medium6. 
Counting times were adjusted automatically to obtain a counting error 
of <1% using a liquid scintillation counter'. The [3H]estradiol displace- 
ment for each test compound was determined by linear regression analysis 
and plotted graphically. The relative receptor binding activity of each 
analog was determined using the following ratio: (concentration of un- 
labeled estradiol producing 70% displacement of [3H]estradiol/concen- 
tration of cyclopropyl analog producing 70% displacement of (3HJestra- 
diol) X 100. 


RESULTS 


Each compound was tested initially in the uterotropic assay. Com- 
pounds IV, V, and VIII produced uterotropic response curves that were 
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Figure 2-Antiestrogenic activity of II. Each point represents the mean 
uterine weight from five or six mice. 


parallel to the estradiol curve (Fig. 1). The relative estrogenic activity 
of these analogs was VIII > IV > V. These compounds produced 1.5-2.5% 
of the uterotropic response of estradiol on a molecular weight basis (Table 
I). Diethylstilbestrol, a synthetic nonsteroidal estrogen containing the 
stilbenediol moiety, was equipotent to estradiol in the uterotropic assay 
(Fig. 1). Cyclopropyl analogs that displayed no estrogenic activity in the 
uterotropic assay were tested further for antiestrogenic activity. Only 
I1 produced an antiestrogenic response (Fig. 2 and Table I). 


Since the uterotropic response is a nonspecific measure of estrogenic 
activity, the uteri were examined histologically to confirm the estrogenic 
nature of the uterotropic response. Btradiol and the cyclopropyl analogs 
(IV and VIII) significantly (p < 0.001) increased uterine diameter and 
endometrial thickness, which represented a specific estrogenic response 
(Table 11). 


The cyclopropyl analogs were tested for receptor binding activity and 
compared to the estradiol standard. All of the analogs were capable of 
displacing [3H]estradiol from the estrogen receptor. However, IV, VIII, 
and V (in that order) displayed the greatest binding activity, from 4 to 
50% of the receptor binding activity produced by estradiol on a molecular 
weight basis (Fig. 3 and Table I). 


The estrogen (VIII) and the antiestrogen (11) were tested for antifer- 
tility activity using estradiol as a standard antifertility agent. Both es- 
tradiol and VIII exhibited good antifertility activity (Table 111). The 
antiestrogen (11) produced no antifertility effect; however, one female 
in this treatment group had pups that were markedly underdeveloped, 
with a total fetal weight of 0.9 g/10 pups as compared to the group mean 
of 7.5 gh0.3 pups. 


The antitumor activity of the antiestrogen (11) was examined using the 
7,12-dirnethylbenz(a)anthracene-induced mammary tumor assay in the 
rat. The tumor data were expressed as both the tumor volume per animal 
(Fig. 4) and the tumor number per animal (Fig. 5). Ovariectomy produced 
a slightly greater reduction in tumor volume during the first 3 weeks of 
treatment, while tumor volume in the treated group remained essentially 
unchanged. Castration has been reported to cause regression of 7,12- 
dimethylbenz(a)anthracene-induced tumors (14) and was employed in 
the present study to verify the estrogen-dependent nature of the tumors 
in the rats. The number of tumors per animal increased in all three groups 


Table 11-Histological Examination of Uterine Tissue 


Endometrial 


(Mean f SD),  
Uterine Diameter Thickness 


(Mean f SD) ,  
Compound Dose, pg mm mm 


Control 0.0 0.56 f 0.15 0.16 f 0.04 
Estradiol 0.04 1.42 f 0.24O 0.49 f 0.15O 


IV 5.0 1.53 f 0.1gu 0.48 f 0.12" 
VIII 5.0 1.30 f 0.15" 0.40 f 0.07" 


~~~ ~ ~ ~ 


a Significantly different from control ( p  < 0.001). 


Table 111-Antifertility Activity of Active Estrogenic and 
Antiestrogenic Cyclopropyl Analogs 


Animals Fetal Weight 
per Implants per Group 


Daily Pregnant per Mouse (Mean f SD),  
Compound Dose, pg Group (MeanfSD)  g 


11.2 f 3.25 
0 


10.3 f 1.86 


7.5 f 3.33 


7.5 f 5.07 
a - Control 0.0 6/8 


Estradiol 0.033 018 
I1 16.7 6/8 


VIII 4.2 0/8 0 -a 


a No response. 
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during the treatment period; however, both ovariectomy and I1 reduced 
tumor incidence to  approximately the same extent as compared to the 
control group. The total weight gain during treatment in the control and 
treated groups was not significantly different, suggesting that the anti- 
tumor activity of I1 was not the result of a general toxic effect of the 
compound. At the end of treatment, all animals were sacrificed, and the 
tumors were verified histologically to be adenocarcinomas. 


DISCUSSION 


The objective of this study was to compare the pharmacological effects 
of the various stilbene and stilbenediol analogs in which the cyclopropyl 
moiety locked functional groups into a fixed stereochemical configuration 
to examine structure-activity relationships. Analogs included 1,l-di- 
chloro-cis- and trans-2,3-diarylcyclopropanes and trans-2,3-diaryl- 
cyclopropanes along with p-hydroxyphenyl, p-acetoxyphenyl, and p- 
methoxyphenyl substituents and combinations with 2,3-diethyl suh- 
stituents. Other compounds include reduced analogs (without the gem- 
dichloro groups) of cis- and trans- 1,2-dicyclopropanes and trans- 1,2- 
diarylcyclopropanes with p-methoxyphenyl and p -hydroxyphenyl groups 
in combination with 2,3-diethyl substituents. 


The cyclopropyl moiety in place of the double bond in stilbene and 
stilbenediol produces a conformationally rigid, planar structure with 
group attachments above and below the cyclopropyl ring, as compared 
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Figure 4-Influence of II  and ouariectomy on 7,l&dimethylbenz- 
(a)anthracene-induced mammary tumor volume. The control group 
contained four rats, the ZI-treated group contained five rats, and the 
ovariectomized group contained three rats. Each point represents the 
mean tumor volume per animal. Key: A, control; 0,  treated; and ., 
ovariectomized. 


Figure 3-Uterine receptor binding ac- 
tivity of the cyclopropyl analogs. Each 
point represents the mean of two or three 
separate determinations. 


to the coplanar configuration of stilbene and stilbenediol. The present 
study indicates that the cyclopropyl analogs retain the ability to bind to 
the estrogen receptor and produce an estrogenic response; however, es- 
trogenic activity is significantly reduced. Further estrogenic and receptor 
binding activity is modified by various functional group attachments and 
conformation of the cyclopropyl derivative. Accordingly, the phenyl rings 
in the cyclopropyl analogs are not in the same plane, and the hydrophobic 
attachment to the receptor is not expected to be as great as in the olefin 
analogs, thereby reducing binding affinity between the ligand and the 
receptor. 


An examination of Table I reveals that the test compounds that pro- 
duce estrogenic activity in viuo contain either trans- hydroxyphenyl 
groups (IV and VID) or trans-acetoxyphenyl group in combination with 
trans-ethyl groups (V). The cyclopropyl derivative of diethylstilbestrol 
(VIII) was the most potent estrogenic analog in viuo; IV, the gem-dichloro 
derivative, and V, the trans-acetoxyphenyl-gem-dichloro derivative, were 
approximately equipotent and less active than VIII. The gem-dichloro 
moiety thus appears to decrease estrogenic activity in uiuo. The acetate 
group was reported to be hydrolyzed to the hydroxyl group in the body 
(11). Consequently, V may be metabolized to IV in viuo. However, both 
the hydroxyl and acetate groups are capable of hydrogen bonding, which 
is known to be important for significant receptor interaction and initia- 
tion of the estrogenic response (15). 


Only the gem-dichloro cyclopropyl analog of cis-stilbene (11) displayed 


WEEKS 


Figure 5-Znfluence of I Z  and ovariectomy on 7,12-dirnethylbenz- 
(a)anthracene-induced mammary tumor number per animal. The 
control group contained four rats, the II-treated group contained five 
rats, and the ovariectomized group contained three rats. Each point 
represents the mean tumor number per animal. Key: A, control; 0, 
treated; and ., ovariectomized. 
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significant antiestrogenic activity in uiuo. Thus, the cis-configuration 
and gem-dichloro substitution appear to be important for antiestrogenic 
activity in the cyclopropyl series since neither the trans-isomer (I) nor 
the reduced compound (IX) was antiestrogenic in this study. 


An examination of receptor binding activity in Fig. 3 and Table I in- 
dicates that various structural modifications significantly alter estrogen 
binding activity. The structure-activity relationships revealed by this 
series of cyclopropyl analogs are: 


1. Replacement of hydroxyl groups with 0-methyl groups decreases 
receptor binding activity (compare I11 with VIII and 1V with VII). The 
importance of free hydroxyl groups for the production of estrogenic ac- 
tivity was demonstrated with other stilbenediol derivatives (16,17). 


2. The absence of trans-ethyl groups decreases receptor binding ac- 
tivity (compare VI with VII). 


3. The trans-configuration produces a slightly greater binding affinity 
than the cis-configuration (compare I with I1 and IX with X). 


4. The gem-dichloro substitution generally increases receptor binding 
activity (compare I with X, IV with VIII, and I1 with IX). However, the 
gem-dicbloro substitution together with p-methoxy substitution de- 
creases binding affinity (compare 111 with VII), perhaps due to a steric 
interaction of these bulky groups that interfere with access to the receptor 
site. 


Receptor binding activity paralleled in uiuo estrogenic activity in this 
series of compounds, except VIII, which displayed the most potent es- 
trogenic activity in uiuo and the second greatest receptor affinity in uitro. 
This result may be explained by the fact that receptor binding and the 
initiation of an estrogenic response are two separate events and have been 
dissociated in the in uitro receptor binding assay due to the isolation of 
the receptor complex. Korenman (13) demonstrated previously that the 
relative binding affinity of steroidal estrogens paralleled uterotropic 
activity. 


I t  is difficult to make structure-activity conclusions based on this 
limited series of analogs. Other members of the cyclopropyl series are 
being synthesized and evaluated for biological activity. However, the 
information obtained from this study will guide the design of other 
members of this series. I t  appears from the results that the gem-dichloro 
analogs with cis-phenyl rings hold the greatest promise for antiestrogenic 
activity. 


This study also indicates that the cyclopropyl analogs of stilbene and 
stilbenediol may become useful in the treatment of estrogen-dependent 
tumors and as potential antifertility agents. Antifertility agents with 
fewer side effects and more effective antineoplastic therapy for breast 


and uterine cancer clearly are needed. However, synthesis of the complete 
series of cyclopropyl analogs and thorough evaluation of these compounds 
will be required. Thus, the design, development, and biological evaluation 
of these potential therapeutic agents are in progress. 
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Abstract The contraceptive steroid ethinyl estradiol was extensively 
metabolized when given orally in solution to dogs. I t  was thought a t  first 
that metabolism occurred exclusively in the liver. However, use of stan- 
dard equations to predict the oral bioavailability of drugs known to be 
metabolized by hepatic first pass resulted in significantly higher values 
than those obtained experimentally, T~ rationalize the data and to de- 
termine whether ethinyl estradiol also is metabolized in the gut wall 
during absorption, metabolism in rats was studied. The drug was ad- 
ministered in solution intraduodenally, intraportally, and intravenously 
as a bolus and by first-order infusion. The results indicate that, in rats, 


40% of the drug is metabolized by the gut wall and 7990 of the drug in the 
portal blood is metabolized by the liver after intraduodenal adminis- 
tration. 


Keyphrases 0 Ethinyl estradiol-first-pass metabolism in dogs and ratu, 
gut wall metabolism in rats Bioavailability-ethinyl estradiol, first-pass 
metabolism in rats and dogs, gut wall metabolism in rats Metabo- 
lism-ethinyl estradiol in rats and dogs, first-pass metabolism and pos- 
sible gut 


The natural contraceptive steroids such as progesterone 
and estradiol are not effective orally due to their extensive 
metabolism in the GI tract during absorption and to he- 
patic first-pass metabolism (1,2).  Although introduction 


of the ethinyl group at the l7a-position renders the com- 
pound stable toward metabolic attack by 17a-hydroxylase, 
ethinyl estradiol, like estradiol, contains a phenolic hy- 
droxyl group at the 3-position that is subject to sulfate and 
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Abstract 0 The effect of caffeine on the absorption of ergotamine from 
the rat small intestine was studied. The results of a series of experiments 
showed that caffeine significantly enhanced absorption of ergotamine 
from solutions of pH 5.0 when both substances were in solution and when 
an intact blood supply was either absent (in uitro everted sac experi- 
ments) or present (in situ experiments). Caffeine did not appear to in- 
fluence the absorption rate of ergotamine in in situ experiments when 
the solution pH was 3.0. Isosorbide dinitrate, a vasodilator, enhanced 
ergotamine absorption when both substances were administered simul- 
taneously into intestinal loops in situ. Isosorbide dinitrate probably 
exerts its effect by increasing blood flow to the intestine. The results are 
consistent with an hypothesis that the rate-determining step in ergot- 
amine absorption is the transport of the drug from a lipid phase (GI 
membrane) into an aqueous phase (blood). Caffeine is thought to exert 
its rate-accelerating effect by increasing the water solubility of ergotamine 
neutral molecules. 


Keyphrases Caffeine-effect on ergotamine absorption from rat small 
intestine, in uitro and in uiuo studies 0 Ergotamine-effect of caffeine 
on absorption from rat small intestine, in uitro and in uiuo studies 0 
Absorption-ergotamine, effect of caffeine on absorption from rat small 
intestine, in uitro and in uiuo studies 0 Analgesics-ergotamine, effect 
of caffeine on absorption from rat small intestine, in uitro and in uiuo 
studies 


Ergotamine tartrate is widely used in the treatment of 
migraine (1,2). When administered parenterally, it is ef- 
fective in relieving migraine pain (3,4), but oral adminis- 
tration often affords no relief (5 ,6) .  Regardless of the route, 
ergotamine must be administered early in an attack to be 
effective (7). The frequent failure of oral ergotamine 
therapy appears to be related to its relatively low water 
solubility (1500) and the fact that its absorption from the 
GI tract into the systemic circulation often is slow or im- 
paired during a migraine attack (4-9). 


Simultaneous oral administration of caffeine and er- 
gotamine results in more effective therapy than ergotamine 


administered alone (10-12). Recent pharmacokinetic 
studies in humans indicated faster and more complete 
absorption of ergotamine after oral administration when 
it is combined with caffeine (13). Zoglio et al. (14) con- 
ducted in uitro experiments to elucidate the mechanism 
by which caffeine enhances ergotamine absorption; caf- 
feine increased the solubility and dissolution rates of er- 
gotamine in 0.1 M HCl and in 0.1 M phosphate buffer (pH 
6.65) and was claimed to accelerate the partitioning of 
ergotamine from an aqueous (pH 6.65) to an organic 
(chloroform) phase. These observations led to the con- 
clusion that the solubilizing effect of caffeine on ergot- 
amine in water is the major factor in its enhancement of 
oral ergotamine migraine therapy. 


The present study was undertaken to determine the 
effect, if any, that caffeine has on ergotamine absorption 
across the rat small intestine when both substances are 
dissolved. 


EXPERIMENTAL 


Ergotamine Assay-Ergotamine concentrations were calculated from 
the results of reversed-phase high-performance liquid chromatographic 
(HPLC) assays (15). The mobile phase was acetonitrile-1% sodium ac- 
etate/acetic acid buffer (55:45) at pH 6.5. The stationary phase was a 
10/25 ODS column, and ergotamine was detected by fluorescence spec- 
trometry (Aex = 325 nm; A,, = 407 nm). 
In Vitro Studies (Everted Sac Technique)-Adult male Hooded 


Wistar rats, 240-280 g, were fasted in cages designed to prevent co- 
prophagy for at least 12 hr before sacrifice. Water was allowed ad libitum. 
The rats were killed by a blow on the head. The small intestine was re- 
moved immediately, rinsed with Krebs-Henselite solution, sleeved onto 
a glass rod, and everted carefully. The first 15 cm, beginning with the 
pylorus, was discarded, and the next 8-cm segment was used in the ex- 
periments. 


The segment was attached to a cannula at the proximal end, trimmed 
to 7 cm, and ligated a t  the distal end so that 6 cm of the everted intestine 


0022-354918 1/0600-0651$01.00/0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 651 
Vol. 70, No. 6, June 1981 







I 
I 


I 


w 


I l l I l l l l l l l l l , l  
0 100 200 300 


CAFFEINE CONCENTRATION x 1 0 3 ~  


Figure 1-Solubilizing effect of caffeine on ergotarnine in pH 8.5 boric 
acid buffer. The shape of the diagram between [ca f fe ine ]~  = 60 X 
M and 120 X M was not determined. The initial solid phase was 
ergotarnine tartrate. 
was exposed to the drug solution. The intestinal sac was maintained in 
a vertical position during the experiment. The organ bath was filled with 
60.0 ml of buffered drug solution (mucosal solution), which was main- 
tained at 37.0 f 0.1’ and continuously gassed with 95% O r 5 %  COz. The 
inner (serosal) solution consisted of 0.6 ml of buffer. 


The buffer for the mucosal and serosal solutions consisted of Krebs- 
Henseleit solution-0.1 M sodium acetate (91), buffered to pH 5.0 with 
acetic acid. Quinine sulfate (0.5 mg/ml) was included to act as the internal 
standard in the ergotamine assay. In all experiments, the mucosal solution 
was the same as the serosal solution plus 0.1 mg of ergotamine tartrate/ml. 
In permeation experiments involving the rate of ergotamine transfer 
across the membrane in the presence of caffeine, 10 mg of caffeine/ml was 
included in the mucosal and serosal solutions. 


During the experiments, 10-p1 samples were withdrawn from the 
serosal solution at indicated times and assayed for ergotamine by the 
HPLC method described previously (15). The concentration of ergot- 
amine transferred across the membrane was expressed as a percentage 
of the ergotamine concentration in the mucosal solution. The transfer 
rates were determined from the slope of a plot of log (100 - percent of 
ergotamine absorbed) uersus time. 


In Situ Studies-Five loops of intestine (12 cm in length) were pre- 
pared in each rat according to the method described previously (16). The 
total volume of test solution introduced into each loop was 1.0 ml. 


Two types of experiments were conducted: “time zero” studies, in 
which the intestine was removed from the rat immediately after the test 
solutions were placed in the loops, and “absorption” studies, in which 
the intestine remained in situ within the abdominal cavity of the rat for 
2.5 hr before being removed. 


The absorption characteristics of ergotamine tartrate were investigated 
in the presence of two additives, caffeine and isosorbide dinitrate. The 
caffeine experiments were conducted at  pH 3 (0.1 M tartaric acid-sodium 
hydroxide buffer), 5 (sodium acetate-acetic acid buffer), and 6 (0.1 M 
citric acid-sodium hydroxide buffer). In the isosorbide dinitrate exper- 
iments, all test and control solutions introduced into the loops were 
prepared in the pH 5.0 acetate buffer, which also contained 1Wo dimethyl 
sulfoxide to solubilize the isosorbide dinitrate. The ergotamine tartrate 
concentration was 0.05,0.1, or 0.2 mg/ml, the caffeine concentration was 
either 10 or 20 mg/ml, and the isosorbide dinitrate concentration was 2 
mg/ml. 


In the caffeine experiments, two loops contained an ergotamine tartrate 
solution at a particular concentration while another two loops contained 
ergotamine tartrate a t  the same concentration plus a particular con- 
centration of caffeine. The remaining loop in each rat contained the ap- 
propriate buffer solution (blank loop) and served as a reference for the 
assay. The contents of the five loops were randomized on the basis of rows 
from a 5 X 5 Latin square. Five rats were used at each ergotamine tartrate 
and caffeine combination to complete the Latin square. 


In the isosorbide dinitrate experiments, two different methods of al- 
locating the solutions to particular loops were used. One was on the basis 


of a 5 X 5 Latin square, with two loops containing ergotamine tartrate 
solution, two loops containing ergotamine tartrate plus isosorbide dini- 
trate solution, and the remaining loop containing the reference solution. 
The second method involved placing only one type of test solution into 
all five loops of two rats. 


A t  the end of each experiment, the small intestine was removed from 
the rat, trimmed of its mesentery and blood vessels, and rinsed in 0.9% 
(w/v) NaCl solution. The length of each loop was measured and recorded. 
The individual loops were placed in separate homogenization flasks and 
manually chopped as finely as possible. Five milliliters of 1.0% (w/v) 
tartaric acid solution was added to each flask, and the contents were 
homogenized for 10 min. 


The homogenates were transferred quantitatively with 10 ml of ab- 
solute ethanol to centrifuge tubes. These homogenates were centrifuged 
at  2000Xg for 10 min, and the supernates were decanted into 50-ml vol- 
umetric flasks. Each precipitate was resuspended and washed with three 
10-ml portions of 70% ethanol and centrifuged as before, and the washings 
were combined with their corresponding supernates. Five milliliters of 
a 200-pg/ml quinine sulfate (HPLC assay internal standard) solution in 
70% ethanol was added to each flask. The combined solutions were fil- 
tered through 0.80-pm membrane filters to remove solid material before 
they were assayed (15). Ergotamine that could not be recovered by this 
method was considered to have been absorbed. 


A preliminary experiment was conducted to ensure that the rat in- 
testinal secretions did not significantly alter the pH values of the test 
solutions during absorption. Five milliliters of the pH 5.0 acetate buffer 
was introduced into the rat small intestine. After 2.5 hr, the intestine was 
removed from the abdominal cavity, and the fluid in the lumen of the 
intestine was collected. The intestinal fluid was filtered through a 0.22-pm 
membrane filter, and the filtrate pH was measured. 


Solubility Studies-Excess quantities of ergotamine tartrate (50 mg) 
were placed in 25-ml screw-capped vials together with varying, but ac- 
curately weighed, amounts of caffeine (0-480 mg) and 10 ml of pH 8.5 
borate buffer (4.5 ml of 0.2 M boric acid and 5.5 ml of 0.05 M borax). The 
vials were placed in a constant-temperature water bath and shaken for 
48 hr a t  25’. Preliminary studies were conducted to determine the time 
required for the solutions to reach equilibrium. 


The total amount of ergotamine in each equilibrated solution was 
determined by filtering the vial contents through a 0.22-pm membrane 
filter and analyzing for ergotamine concentration using the previously 
described HPLC method (15). 


RESULTS 


Solubility Studies-The phase solubility diagram, obtained by sat- 
uration of caffeine solutions in pH 8.5 boric acid buffers with ergotamine 
tartrate, is shown in Fig. 1. The addition of 0.124 M caffeine increased 
ergotamine solubility a t  pH 8.5 from 1.25 X to 3.29 X M. Ad- 
ditional caffeine did not significantly alter ergotamine solubility. 
In Vitro Studies (Everted Sac Technique)-The absorption of 


ergotamine across the rat small intestine was initially studied using a 
modification of a reported everted sac technique (17). The volume of 
liquid and the concentration of quinine sulfate (internal standard) on 
both the serosal and mucosal sides of the everted intestine did not change 
appreciably during the experiment. Therefore, it was concluded that no 
net transfer of water or of quinine sulfate took place. 


The transfer rates of ergotamine across the membrane were calculated 
from the slopes of plots of log (100 - percent of ergotamine absorbed) 
versus time (Fig. 2). A t test indicated that caffeine significantly increased 
the transfer rate of ergotamine from solution across the isolated rat in- 
testine ( p  < 0.001). 


In Situ Studies Involving Caffeine and Ergotamine-The in situ 
technique used to measure the absorption’ of ergotamine from the rat 
small intestine was based on a method developed in these laboratories 
by Admans et al. (16). It was a modification of the technique of Levine 
and Pelikan (18), which allows absorption of drugs from single or multiple 
intestinal loops to be measured. 


Ergotamine solutions were introduced into four intestinal loops in an 
anesthetized rat, and a blank solution was introduced into a fifth loop. 
After 2.5 hr, the loops and their contents were homogenized separately 
and assayed for ergotamine. The amount of ergotamine absorbed was 
calculated from the difference between the amount administered and 
the amount remaining and was expressed as the percent absorbed. 


A minor complication in calculating the amount of ergotamine re- 
maining arose because HPLC chromatograms of ergotamine tartrate 
solutions that had been in the rat gut for 2.5 hr contained two more peaks 
than those observed for an ergotamine solution. The additional peaks 


652 f Journal of Pharmaceutical Sciences 
Vol. 70, No. 6, June 1981 







100 


2 50 
m 
LT a 
m 
6 


z 2c 
w 


5 
6 
!- 
0 u 
LT i a  
w 
U 
0 
!- z 
w E  
0 
U 
W n. 
I 


0 z .  


I I I l l i l 1 i I L  
60 120 180 240 300 


MINUTES 


Figure 2-Semilogarithmic plot against time of (100 - percent ofer- 
gotamine absorbed) i,n everted rat gut experiments. Key: 0,O.l mg of 
ergotamine tartratelml, slope = -6.23 X 10-3/min; and 0,  0.1 mg of 
ergotamine tartratelm1 plus 10 mg of caffeinelml, slope = -1.26 X 
10-2Imin. 


had retention times of 6.5 and 7.5 min, whereas the ergotamine peak had 
a retention time of 9.0 min. Typical chromatograms that were measured 
from experiments conducted at  pH 3 and 5 are shown in Fig. 3. In the 
experiments at pH 3.0, the metabolites or degradation product peaks were 
barely apparent. At  pH 5.0, the metabolism was greater than at pH 3.0 
but still relatively slight. When experiments a t  pH 6.0 were attempted, 
little ergotamine remained in the loops after 2.5 hr and the metabolites 
were significant, thereby making quantitation of absorption difficult. 


Ergotaminine, an isomer of ergotamine that results from epimerization 
at  C-8 (19), gave a peak with a retention time of 6.5 min. Thus, it was 
concluded that ergotaminine was one degradation product. Because 
fluorescence of ergotaminine is 2.5 times greater than that of ergotamine 
(20), it was estimated that the ratio of the amount of ergotaminine to the 
original amount of ergotamine after 2.5 hr a t  pH 5.0 was 0.03:l. Thus, 
conversion by metabolism of ergotamine to ergotaminine is unlikely to 
affect the results significantly. 


The extraneous peak with a retention time of 7.5 min was twice as in- 
tense as that of ergotaminine. The nature of the compound causing this 
peak is uncertain, but it is likely to be aci-ergotamine or aci-ergotaminine, 
which is formed by the inversion of ergotamine or ergotaminine at  the 
2'-position (19). These compounds are more polar than ergotamine (21) 
and are expected to be eluted earlier with the mobile phase employed. 
Although the fluorescence intensity of the aci compounds is not known, 
it is unlikely that they would fluoresce much less strongly than ergot- 
amine. 


In the absence of more precise information, it was assumed that the 
fluorescence of the metabolites was similar to that of ergotamine. Hence, 
ergotamine concentrations that remained were derived by summing the 
areas under the peaks for ergotamine and its metabolites. This procedure 
should introduce a maximum error of f10% into the results'. 
In Situ Studies-pH Value ofIntestina1 Contents-The pH of the 


intestinal contents 2.5 hr after introduction of the pH 5.0 acetate buffer 
was 5.3. The pKa value of ergotamine is 6.4 (22). Therefore, at least 90% 


A reviewer pointed out that the above experiments do not distinguish between 
absorption and loss of ergotamine due to metabolism if the metabolites are them- 
selves absorbed. This point is accepted but, in the absence of other information, 
the good correlations between the effect of caffeine on ergotamine absorption in 
in uitro and in situ experiments and the low probability that caffeine appreciably 
influences ergotamine metabolism are accepted as points that support the discussion 
in the manuscript. 
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Figure 3-Chromatograms of extracts from in situ rat intestinal ho- 
mogenates. Experiments were conducted at  pH 3.0 (a) and 5.0 (b). The 
peaks eluted after 9 and 15 min were ergotamine and quinine, respec- 
tively. 


of the ergotamine existed in the ionized form and remained in solution 
throughout the study. It also was found that a 0.2-mg/ml solution of er- 
gotamine tartrate could be obtained at  pH 5.3. Since the maximum 
concentration of ergotamine tartrate introduced into the intestinal loops 
was 0.2 mg/ml, all of the ergotamine in the intestinal loops, either by itself 
or in the presence of caffeine, probably remained in solution throughout 
the absorption experiments conducted at  pH 5 or below. 


Significance of Blank Loop and Effect of Loop Length-Ergotamine 
could disappear from a loop by either absorption into the blood or lym- 
phatic system or by leakage into an adjoining loop. Ergotamine also could 
possibly be reabsorbed from the blood into the lumen of a loop. However, 
no ergotamine was detected in the loop containing the blank solution. 
Hence, it was concluded that ergotamine that had disappeared from a 
loop was absorbed. 


An analysis of variance of the results indicated that the variation in 
loop length that occurred with this technique had no significant effect 
on the percentage of the administered amount of ergotamine absorbed 
from the loops (p > 0.1). 


Effect of Caffeine-In the experiments designed to test the reliability 
of the recovery process (time zero studies), loops containing either 0.2 
mg of ergotamine tartrate/ml alone or 0.2 mg of ergotamine tartrate/ml 
plus 20 mg of caffeinelml were removed and assayed immediately after 
introduction of the test solutions into the loops. A t  pH 5.0, the mean re- 
covery of ergotamine from 10 loops (five rats) was 97 f 3%. The mean 
recovery of ergotamine in the presence of caffeine from 10 loops (five rats) 
was 98 f 3%. At pH 3.0, the recoveries were 95 f 6% for ergotamine tar- 
trate solution (four loops) and 96 f 1% for ergotamine tartrate and caf- 
feine solution (four loops). 


Analysis of variance conducted on these results indicated that caffeine 
had no significant effect on the recovery of ergotamine from loops at pH 
3.0 (p > 0.1) or 5.0 (p > 0.1) and that the loop position (i.e., distance from 
the pylorus) had no significant effect on the amount of ergotamine re- 
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Table I-Extent of Ergotamine Absorption from In Situ Rat 
Small Intestinal Loops after 2.5 hr in the Presence and Absence 
of Caffeine 


Absorption of Ergotamine", 
Ergotamine % 


Tartrate, Caffeine, Without With 
pH mg/ml mg/ml Caffeine Caffeine 


5.0 0.2 20 21 (6) 61 (6) 
0.2 10 24 (9) 49 (5) 
0.1 10 25 (9) 53 (6) 


3.0 0.2 10 47 (14) 47 (12) 


a Each value is the mean of 10 loops from five rats. Standard deviation is in pa- 
rentheses. 


covered ( p  > 0.1). Because of the near complete recovery of ergotarnine 
at  time zero, no correction to the results obtained at  2.5 hr was neces- 
sary. 


The results of the absorption studies are shown in Table I. Analysis 
of variance indicated that in each of three sets of experiments at pH 5.0, 
the presence of caffeine in the loops caused a highly significant increase 
in the extent of ergotamine absorption ( p  < 0.001). A t test conducted 
on the results of the 0.2-mg/ml ergotamine tartrate experiments indicated 
that 20 mg of caffeine/ml had a significantly greater effect on ergotamine 
absorption than did 10 mg of caffeine/ml ( p  < 0.001). No significant 
difference was found in the percentage of ergotamine absorbed from loops 
containing ergotamine tartrate alone at 0.1 or 0.2 mg/ml ( p  > 0.1). 


A t  pH 3.0, analysis of variance indicated that the presence of 20 mg 
of caffeine/ml in the loops had no significant effect on the extent of ab- 
sorption of ergotamine ( p  > 0.05). 


The position of the loop relative to the pylorus also had no significant 
effect on the amount of ergotamine absorbed at  pH 3.0 or 5.0 ( p  > 
0.1). 


Effect of Isosorbide Dinitrate-The efficiency of the recovery process 
was demonstrated in the time zero experiments. The mean recovery of 
ergotamine from 10 loops (five rats) containing 0.2 mg of ergotamine 
tartrate/ml was 82 f 5%; in the presence of 2 mg of isosorbide dinitrate/ 
ml, it was 83 f 5%. Analysis of variance demonstrated that neither the 
presence of isosorbide dinitrate nor loop position had a significant effect 
on ergotamine recovery ( p  > 0.1). 


In the caffeine experiments, the recovery of ergotamine from loops 
containing 0.2 mg of ergotamine tartrate/ml alone was 97 f 3%. The major 
difference between the caffeine and isosorbide dinitrate recovery ex- 
periments was the inclusion, for solubility, of 10% dimethyl sulfoxide in 
the pH 5.0 acetate buffer in the latter experiments. Comparison of the 
results using a t test showed that dimethyl sulfoxide significantly affected 
ergotamine recovery ( p  < 0.001), but the reason for this effect is not 
known. The results are listed in Table 11. 


The ergotamine absorption figures are corrected by the factor "loo/ 
percentage of ergotamine recovered in time zero studies." This correction 
was necessary since the time zero studies indicated that extraction did 
not produce complete recovery of the ergotamine remaining in the loop. 
Analysis of variance indicated that isosorbide dinitrate had a significant 
effect on ergotamine absorption at  the 5% confidence level (0.05 > p > 
0.01) when ergotamine alone and when ergotamine plus isosorbide di- 
nitrate were administered to the same rats. Loop position had no sig- 
nificant effect on absorption ( p  > 0.1). 


In the second series of isosorbide dinitrate experiments, all five loops 
of a rat contained only one test solution. The corrected figures for the 
mean percentage absorption of ergotamine from loops containing er- 
gotamine tartrate alone and from loops containing ergotamine tartrate 
plus isosorbide dinitrate were 19 f 12 and 39 f 8%, respectively. A t test 


indicated that ergotamine absorption in rats in which all loops contained 
ergotamine tartrate plus isosorbide dinitrate was significantly greater 
than in rats in which all loops contained only ergotamine tartrate ( p  < 
0.001). 


The effect of isosorbide dinitrate in loops adjacent to those containing 
ergotamine tartrate alone was tested by comparing ergotamine absorption 
from the rats in the first series of experiments, where the adjacent loops 
contained isosorbide dinitrate, with the rats in the second series of ex- 
periments where all loops contained ergotamine tartrate only. The ab- 
sorption in these two cases was 34 f 7 and 19 f 12%, respectively. A t test 
indicated that isosorbide dinitrate in intestinal loops adjacent to the loops 
under study significantly increased ergotamine absorption, compared 
to similar loops in rats in which no isosorbide dinitrate was present (0.01 
> p > 0.002). 


DISCUSSION 


It was established previously that caffeine and ergotamine form one 
or more molecular complexes in water, but no attempt was made to cal- 
culate equilibrium constants for these reactions (14,23). 


Figure 1 shows the phase solubility diagram of ergotamine neutral 
molecule (E) in solutions of neutral caffeine (C). Measurements were 
made at  pH 8 5. Caffeine was within its solubility when its concentrations 
were between 0 and 7 X M or 
more caffeine had been added were saturated with respect to caffeine. 
These results are consistent with ergotamine and caffeine forming 1:l 
(EC) and 1:2 (EC2) complexes (Schemes I and 11): 


M (24). Solutions to which 12 X 


3 E+C-EC 
Scheme I 


EC + c SEC~ 
Scheme I I  


where: 


According to this model, the total amount of ergotamine in solution under 
any set of conditions, [E]T, would be: 


[EIT = [El + [ECI + [ECzI (Eq. 3) 


[CIT = [C] + IECI + 21ECz.l 


and the total amount of caffeine in solution, [C]T, would be: 


(Eq. 4) 


Because [E]T only varied between 1 and 34 X M when the added 
caffeine concentration was varied between 0 and 6 X M ,  it could be 
assumed that [C]T 5 [C] in all experiments performed. 


On the ascending portion of the curve (i.e., where the solutions were 
saturated with respect to ergotamine but not with respect to caffeine), 
[El is the value of [E]T when [C] = 0. 


Substitution of Eqs. 1 and 2 in Eq. 3 and rearrangement yield 


Hence, if the model is compatible with the data, a plot of the left side of 
Eq. 5 against [C] should be linear. The value of the intercept of this line 
when [C] = 0 would be K1, and the slope to intercept ratio would be 
Kz. 


The results in Fig. 4 show that this plot is essentially linear. A least- 


Table 11-Absorption of Ergotamine from the Rat  Small Intestine in the Presence and Absence of Isosorbide Dinitrate a t  pH 5.0 


Mean Corrected 
Mean Percentage Percentage of 


of Ergotamine Ergotamine Mean Percent 
Extracted from Remaining Absorption 


Loops after in Loops of Ergotamine 
Test Solution 2.5 hr after 2.5 hr after 2.5 hr 


Ergotamine tartrate, 0.2 mg/ml 54.0 f 6.0" 65.9 f 7.3" 34.1" 
66.4 f 9.8b 81.0 f 12.0b 19.0b 


Ergotamine tartrate, 0.2 mg/ml, plus 48.2 f 6.2" 57.9 f 7.5" 42.1" 
isosorbide dinitrate, 2 mg/ml 50.6 f 9.ab 61.0 f 8.0b 39.0 


a Both solutions were administered to each rat. * Either ergotarnine tartrate alone or ergotamine tartrate plus isosorbide dinitrate was administered to each rat. 
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Figure 4-Plot of ( [E]T - [ E ] ) / [ E ] [ C ]  against [c] for complexation 
of caffeine and ergotarnine at p H  8.5. 


squares linear regression (r2= 0.974) of the results yielded values for K1 
and Kz of 62 and 55 M-l ,  respectively. 


One test of the validity of this model comes from consideration of the 
results obtained in solutions saturated with caffeine (ie., when the 
concentration of added caffeine was greater than 12 X M ) .  Under 
these conditions, a rearranged form of Eq. 5 suggests: 


[EIT = [El(1 + Ki[CIs + KIKZ[C]~) (Eq. 6) 


where [CIS is the caffeine solubility. It can be seen from Fig. 1 that, as 
required by Eq. 6, the value of [E]T is essentially independent of the 
concentration of added caffeine when the solubility of caffeine is ex- 
ceeded. Solution of Eq. 6 for the solubility of caffeine yields a value of 8-9 
X M. Previous studies (24) showed that caffeine has a solubility of 
1.8 X lo-' M in water but that this value was depressed by increasing the 
ionic strength (e.g., 4.5 X M at pH > 8.5 when the ionic strength was 
adjusted to 3.0 M with sodium chloride). Hence, a value for caffeine 
solubility between 8 and 9 X M in a solution containing buffer salts 
and saturated with respect to ergotamine appears to be reasonable. 


A similar analysis was made of the phase solubility diagram of ergot- 
amine in caffeine solutions at pH 2.0 (23). Under these conditions, er- 
gotamine is essentially completely protonated (EH+), and caffeine is 
essentially present as a neutral molecule. The 1:1 (ECH+) and 1:2 
(EC2H+) complexes probably also would be essentially completely pro- 
tonated (Schemes I11 and IV). Hence, the relevant reactions would be: 


EH+ + c S ECH+ 


ECH+ + c 2 EC~H+ 


Scheme 111 


Scheme IV 


By similar reasoning to that outlined for reactions at  pH 8.5, this model 
requires that a plot of ([E]T - [EH+])/([EH+] [C]) against [C] should be 
linear with the intercept when [C] = 0 is equal to K3 and the slope to in- 
tercept value is equal to K4. A linear regression analysis of the results in 
Fig. 5 (which were computed from data in Ref. 23) yielded values of K3 
and Kq of 204 and 44 M-l,  respectively. The standard deviation of the 
line was 0.98. 


Consideration of the values of K1, K2, K3, and Kq gives some insight 
into the nature of the complexation reaction. Hence, the strongest com- 
plexation reaction involves caffeine and ergotamine cation (K3 = 204 
A4-l). The positive charge in the complex that is formed (ECH+) ap- 
parently must be largely neutralized or buried since the complexation 
of caffeine with ECH+ (K4 = 44 M-l )  is a similar reaction to that of caf- 
feine with the ergotarnine neutral molecule (K1= 62 M-I) or the neutral 
caffeine-ergotamine complex (Kz = 55 M-1). 
In Vitro Absorption of Ergotamine-The results in Fig. 2 show 


clearly that caffeine (10 mg/ml) significantly increased the rate a t  which 
ergotamine (initially 0.1 mg/ml) passed from the mucosal to the serosal 
side of the rat intestine when the pH of the contents of the former side 
was 5.0. 


One important feature is that ergotamine was in solution on the mu- 
cosal side of the membrane. Hence, caffeine could not exert its acceler- 
ating effect on ergotamine absorption by increasing the dissolution rate 
of solid ergotamine. Caffeine's role in this latter process was suggested 
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Figure 5-Plot of ( [E]T - [EH+])/[EH+][CJ against [C] for com- 
plexation of caffeine and ergotamine cation at  p H  2.0. 


as its major role in enhancing ergotamine absorption following its ad- 
ministration as a solid (14). 


Another feature is that no blood supply was available to the intestine. 
Consequently, caffeine could not exert its effect by changing the blood 
flow rate. These results will be discussed in conjunction with the results 
of the in situ studies. 
In Situ Absorption of Ergotarnine-The in situ experiments dif- 


fered from the in uitro experiments in that an intact blood supply was 
present. However, as in the former experiments, ergotamine was in so- 
lution in the intestinal lumen, so the dissolution rate could not be a 
rate-determining factor in absorption. The results of experiments a t  pH 
3 and 5 in both the absence and presence of caffeine are presented in 
Table I. 


One point of interest concerns the effect, or apparent lack of effect, that 
varying the pH from 3 to 5 had on the absorption of the weakly basic er- 
gotamine (pKa of conjugate acid = 6.4). Hence, although the absorption 
rate of ergotamine was similar a t  pH 3 and 5, the percent composition 
of the ergotamine neutral molecule in solution varied approximately 
100-fold, from 0.04% at  pH 3 to 3.8% at  pH 5. Throughout the same pH 
range, the composition with respect to ergotamine cation varied from 
99.96 to 96.2%. 


The results in Table I also show that, at pH 3.0, the absorption rate of 
ergotamine (initial concentration of ergotamine tartrate 0.2 mg/ml) was 
the same in either the absence or the presence of caffeine (10 mg/ml). The 
solutions that did not contain caffeine contained 99.96% ergotamine 
cation and 0.04% ergotamine neutral molecule. The composition of the 
solutions with respect to ergotamine species are shown in Table 111. 
Values of K1, Kz, K3, and Kq for the reactions shown in Schemes I-IV, 
respectively, and a K, value for ergotamine of 3.98 X M were used 
to compute these results. Hence, while the concentration of ergotamine 
cation decreased from 99.96% in the absence of caffeine to 2.8%, the total 
concentration of ergotamine cation plus protonated complexes remained 
essentially constant. 


The situation at pH 5.0 was quite different, because caffeine (10 or 20 
mg/ml) significantly increased the absorption rate of ergotamine. The 
extent to which caffeine increased the absorption rate in the in situ ex- 
periments was similar to that in the in uitro experiments. 


Table 111-Composition 
Species, of Solutions Containing Ergotamine (0.2 mg/ml) and 
Caffeine (10 mg/ml) at pH 3.0 and 5.0 


as a Percentage of Total Ergotamine 


Concentration, % 
pH EH+ ECH+ ECzH+ E EC ECz 


~~ 


3.0 2.8 29.7 67.6 1.1 X 3.6 X 1.0 X 
5.0 2.8 29.2 66.6 1.1 X lo-' 3.5 X lo-' 1.0 


Calculated as described in the text. 
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These results are consistent with a model for GI absorption of basic 
drugs described earlier (25). The appropriate model (Model A in Ref. 25) 
assumes that neutral molecules, but not ions, rapidly pass from the 
aqueous environment of the lumen into the lipoidal GI membrane and 
that equilibrium between these two phases is established rapidly. The 
slow step in overall absorption is the transport of neutral molecules from 
the lipoidal membrane into the aqueous blood compartment. The model 
for ergotamine absorption is shown schematically in Scheme V. According 
to this model, the rate of drug appearance in the blood is proportional 
to the concentration of neutral drug molecules in the membrane. 
Hence: 
absorption rate = k~[E],v, 


where the terms in brackets with subscript rn, [ I,, refer to the concen- 
tration of the various species in the membrane and V, is the volume of 
the membrane. By definition: 


+ k~c[EC]rnVrn + k~cz[EC~IrnVm (Eq. 7) 


where the P symbols are the intrinsic partition coefficients for the three 
ergotamine species between the aqueous contents of the lumen and the 
membrane and the terms in brackets with subscript w ,  [ Iw, refer to the 
concentrations of the various species in water. 


Substitution of Eqs. 8-10 in Eq. 7 and expression of the various con- 
centration terms as fractions of the total amount of ergotamine in the 
lumen contents and in the membrane ET yield: 


I i I I lipoidal phase I aqueous phase 
I (GI membrane) I (blood) 


aqueous phase 
(lumen contents) 


fast slow 
neutral molecules neutral molecules - 


It 
I I 


I faql I I I 
ions 
(EH’, ECH’, EC,H+) 


Scheme V 


absorption rate did not change as [H+] increased from to M 
if the value of P E  >> (Vw/V,) 2.5 X lo3. This seems reasonable since PE 
is expected to be very large. The Merck Index (26) states that ergotamine 
is “freely soluble in chloroform” and “only slightly soluble in water.” 


The approximate doubling of the rate of ergotamine absorption in the 
presence of caffeine (5.15 X M) when the pH was increased from 3 
to 5 needs to be explained. The model would be consistent with this result 
if, in the presence of caffeine, the term in the denominator that contained 
[H+] and the term containing PE were of comparable value at  pH 3. But 
if the term containing PE was much greater than the term containing [H+] 
at  pH 5, although still being slightly less than the value of PE, knowledge 
of the values of the equilibrium constants K1, K2, K3, and Kq indicate 
that the term containing [H+] would be greater in the presence of 5.15 
X M caffeine than in its absence by a factor of 2.7. The value of the 


where V, is the volume of the aqueous lumen contents and [C], is the 
concentration of caffeine in the lumen contents. If transport of a species, 
i, from the lipoidal membrane across an aqueous barrier and into the 
blood is the rate-determining process, then, from Fick’s first law: 


DiAiPi k .  =- 
hi 


where D, is the diffusion coefficient of the i species in an aqueous barrier 
of surface area A, and thickness hi, and Pi is the partition coefficient of 
the species i from the lipoidal membrane into the aqueous phase. This 
model assumes transport into a sink. If the following additional as- 
sumptions are made: 


1. The values of the diffusion coefficients for the species E, EC, and 
EC2 are equal and have the value D 


2. The partition coefficients of the species from the lipoidal membrane 
into blood are the inverse of the P values in Eq. 11, which were for par- 
titioning from the aqueous lumen contents into the membrane 
then substitution of the terms defined in Eq. 12 into Eq. I1 and rear- 
rangement lead to: 


(Eq. 12) 


rate of absorption = 


term containing PE is not known precisely, but it is reasonable to expect 
that it would be less than PE. This situation would arise if the values of 
the partition coefficients PEC and PEC~ were smaller than PE. Although 
the values of these terms are not known, the phase solubility study (Fig. 
1) reveals that the complexes EC and EC2 have significantly higher water 
solubility than ergotamine. Hence, it is not unreasonable to assume that 
they will have a smaller tendency than ergotamine to partition into a li- 
poidal phase. 


This model leads to the conclusion that the water-solubilizing effect 
of caffeine on ergotamine neutral molecules is a major factor in its ac- 
celerating effect on ergotamine absorption. 


Zoglio and coworkers (14,27,28), in discussing the rate-accelerating 
effect of caffeine on the partitioning of ergotamine and related alkaloids 
from water to chloroform at pH 6.5, but not a t  pH 1.0, proposed that it 
did so by “preventing precipitation” of ergotamine prior to its absorption. 
In the present study, precipitation was not possible because solutions 
were not saturated with respect to ergotamine. However, the two theories 
are consistent in that both credit caffeine’s role to the increased water 
solubility that it confers on the ergotamine neutral molecule. 


D A  - ET h 
(Eq. 13) 


where A and h are the surface area and thickness of the barrier. Effect of Isosorbide Dinitrate on Ergotamine Absorption-Iso- 
sorbide dinitrate significantly increased the rate of ergotamine absorp- 
tion. However, the nature of its effect was quite different than that of 
caffeine. For example, the presence of caffeine in intestinal loops adjacent 
to loops in the same rat that only contained ergotamine did not signifi- 
cantly increase the rate of ergotamine absorption. On the other hand, the 
presence of isosorbide dinitrate in any intestinal loop increased the rate 
of ergotamine absorption in other loops in the rat that did not contain 
isosorbide dinitrate. 


When caffeine is absent, Eq. 13 reduces to: 
DA - ET h 


(Eq. 14) rate of absorption = 
-+-- v w  v w  [H+l+PE 
Vm Vm Ka 


Hence, the model would be consistent with the data that showed that the 
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Since isosorbide dinitrate is a vasodilator (29), it probably increases 
the rate of ergotamine absorption by increasing the rate of intestinal 
blood flow. This conclusion is consistent with the earlier postulate that 
the rate-determining step in ergotamine absorption is its rate of passage 
from the membrane into the blood rather than its passage into or through 
the membrane. 


Caffeine is also a vasodilator (30); a t  a concentration of 2 mg/ml, it 
increased intestinal blood flow by 166% in anesthetized rats and increased 
the rate of absorption of tritiated water, urea, and antipyrine at  pH 8.0 
and of salicylic acid at pH 6 (31). Hence, while part of the effect that 
caffeine has on increasing the absorption of ergotamine at  pH 5.0 may 
be due to its effect on the blood flow rate, this effect is thought to be minor 
because it does not affect absorption rates a t  pH 3, it does not affect ab- 
sorption rates at pH 5 from adjacent loops that do not contain caffeine, 
and it exerts an accelerating effect on ergotamine absorption in in uitro 
experiments where no blood supply is present. 


CONCLUSION 


1. Caffeine increases the rate of ergotamine absorption from the rat 
small intestine when the pH of the intestinal contents is 5.0 but not when 
it is 3.0. This effect is independent of the effect that caffeine exerts on 
the dissolution rate of ergotamine because, in the experiments performed, 
ergotamine was administered as a stable solution. 


2. Although caffeine increases intestinal blood flow, this property only 
plays a minor role in its absorption-accelerating effects at pH 5.0. Vaso- 
dilation and increased blood flow are likely to explain the rate-acceler- 
ating effect of isosorbide dinitrate on ergotamine absorption. 


3. The rate-determining step in the absorption of ergotamine appears 
to be transport from the intestinal membrane into the blood. 
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Abstract The biological activity of montmorillonite, palygorskite, 
kaolinite, chrysotile, and silica was examined using in uitro hemolysis 
of erythrocytes. The hemolytic potency was in the order montmorillonite 
> silica > palygorskite > chrysotile > kaolinite. The polymer poly-2- 
vinylpyridine-N-oxide inhibited hemolysis caused by mon tmorillonite, 
palygorskite, kaolinite, and silica, but it was less effective with chrysotile. 
The extent of polymer binding to the silicates and red blood cells was 
measured by UV spectroscopy. When sucrose was substituted for the 
saline solution as the incubating medium, hemolysis was eliminated in 


all systems except chrysotile-erythrocyte, where it was enhanced. The 
results indicate that both hydrogen bonding and ionic interactions be- 
tween silicate surfaces and the erythrocyte membrane are important in 
the hemolytic process. 


Keyphrases Silicates-effect of poly-2-vinylpyridine-N-oxide on 
silicate-induced hemolysis n Hemolysis-effect of poly-2-vinylpyri- 
dine-N-oxide, silicates Suspending agents-effect of poly-2-vinyl- 
pyridine-N-oxide on silicate-induced hemolysis 


Inhaled silicate particles cause various pathological 
disorders (1). In addition to pulmonary tissue damage, the 
particles can potentially damage other body tissues be- 


cause silicates such as montmorillonite, kaolinite, and 
palygorskite are used in many pharmaceuticals and cos- 
metics (primarily as fillers, stabilizers, and suspending 
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Abstract  0 A method of measuring the inhibition of sulfation in mu- 
copolysaccharides employed the coupled enzyme system of Wortman. 
This procedure utilized the phenol and mucopotysaccharide sulfo- 
transferases of beef cornea extract. Compounds tested against this system 
included amino acids, salicylates, 2-mercaptoethylamine and a derivative, 
heterocyclic ethanethiosulfuric acids, arylsulfonamidoethanethiosulfates, 
and several other compounds. In general, the salicylates and thiosulfates 
were inhibitory, with sodium 2-(4-acetamidobenzenesulfonamido)- 
ethanethiosulfate being the most inhibitory and 2-mercaptoethylguan- 
idine trithiocarbonic acid the second most inhibitory. Salicylamide and 
allopurinol, which have been employed in kidney stone therapy, were 
inhibitors. Kidney stones have a mucopolysaccharide sulfate matrix, 
which is involved in their growth. 


Keyphrases 0 Mucopolysaccharides-inhibition of sulfation by sali- 
cylates and thiosulfates Salicylates-inhibition of mucopolysaccharide 
sulfation 0 Thiosulfates-inhibition of mucopolysaccharide sulfation 


Mucopolysaccharide sulfates play a role in the calcifying 
mechanism of most kinds of renal calculus formation (1). 
Boyce and Garvey investigated over 1200 renal calculi and 
found a matrix of mucopolysaccharide sulfates in all of 
them, to the extent of -2.5% of the total weight (2). Fur- 
thermore, kidney stone formers generally have more highly 
sulfated mucopolysaccharides in their urine than normal 
(3). Other pathological conditions that are known to be 
associated with abnormal amounts or degrees of sulfation 
of mucopolysaccharides (4) include some malignant tu- 
mors (5 ) .  Abnormal amounts of mucopolysaccharide sul- 
fates also have been observed in virus-transformed cells 
(6). 


It therefore was considered important to find com- 
pounds that might inhibit the sulfation of mucopolysac- 
charides and to develop a method of measuring this inhi- 
bition. Previous studies (7) on anti-inflammatory agents 
showed that salicylate exerts an inhibitory effect on the 
sulfation of mucopolysaccharides. It also was found that 
several metal-binding agents, including substituted sali- 
cylates, cysteine, and 2-mercaptoethylamine and some of 
its derivatives, inhibited sulfation (8). Other inhibitors of 
this process are propylthiouracil (9), 4-methylumbelliferyl 
P-xyloside (lo), and p-nitrophenyl P-xyloside (10). All of 
these studies were carried out with intact cartilage. How- 
ever, the use of the enzyme systems involved appeared to 
be a more convenient and reliable method of measuring 
inhibition of mucopolysaccharide sulfation since use of 
intact cartilage requires embryonic cartilage not yet fully 
sulfated. 


ENZYME ASSAY 


Sources of the enzyme systems known to catalyze formation of muco- 
polysaccharide sulfates are found in various cartilaginous tissues, in- 
cluding the cornea, as well as in the liver. Trials with extracts of rabbit 
liver, dog cornea, and beef cornea revealed that the beef corneal extracts 
gave the most reproducible results. Wortman (1 1) showed the presence 
of both phenol and mucopolysaccharide sulfotransferase activities in beef 
cornea epithelial extracts and made use of the phenol sulfotransferases 
(Schemes I and 11) as a feeder system for the assay and characterization 


of mucopolysaccharide sulfotransferase (Scheme 111). Although both 
phenol and mucopolysaccharide are sulfated in this combined assay, it 
appeared to be suitable for measuring mucopolysaccharide sulfation and 
allowed the use of a spectrophotometric procedure. 


p-nitrophenol sulfate + 3’,5’-diphosphoadenosine - p-nitrophenol + 3’-phosphoadenosine 5’-phosphosulfate 
Scheme I 


3’-phosphoadenosine 5’-phosphosulfate + phenol 
-9 phenol sulfate + 3’,5’-diphosphoadenosine 


Scheme II 
tY-phosphoadenosine 5’-phosphosulfate +. chondroitin - chondroitin sulfate + 3’,5’-diphosphoadenosine 


Scheme 111 


Phenol sulfotransferase presumably carries out the reactions shown 
in both Schemes I and 11. The overall rate of sulfate transfer is measured 
spectrophotometrically by the appearance of p-nitrophenol at 400 nm. 
The  participation of mucopolysaccharide sulfotransferase, which also 
utilizes 3’-phosphoadenosine 5’-phosphosulfate as a coenzyme, assists 
in driving the overall reaction to the right. This process results in an in- 
crease in the change of the optical density and provides a coupled assay 
method for measuring mucopolysaccharide sulfation. 


RESULTS AND DISCUSSION 


The activity of the coupled enzyme system in beef cornea extract over 
5 hr is shown in Fig. 1. The reaction rate decreased somewhat after the 
1st hr, but the reaction still was measurable after 9 hr. The changes in 
the optical density observed for the phenol sulfotransferase assay 
(Schemes I and 11) and the coupled enzyme assay (Schemes 1-111) over 
2 hr are shown in Table I. The protein concentration of the extract varied 
from 0.24 to 0.84 mg/ml. The enzyme activity decreased slowly over 2 
weeks; a change in the optical density (Ao.d.1 of 0.104 a t  2 hr was observed 
with freshly prepared extract, but after storage at -10’ for 2 weeks, Ao.d. 


HOURS 


Figure 1-Actiuity of the coupled enzyme system in beef curnea ex- 
tract. 
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Table I-Sulfate Transfer  Activity of Beef Cornea Extract  


Reaction" Ao.d. a t  1 hr h d .  a t  2 hr 


Schemes I and I1 0.040 0.070 
Schemes 1-111 0.044 0.078 


Measured at pH 7.0 and 9 7 O  for transfer t(i chondroitin sulfate. Optical density 
was recorded at 400 nm. 


was 0.021 a t  2 hr. However, the enzyme showed no change in activity for 
24 hr. 


I t  has been found that various tissues containing sulfotransferases also 
contain some 3',5'-diphosphoadenosine (12). A 3',5'-diphosphoadenosine 
concentration of 2 p M  was reported as the saturation level for phenol 
sulfotransferase (13), whereas concentrations above 20 F M  began to be 
inhibitory. In this study, the decrease in the reaction rate where added 
3',5'-diphosphoadenosine was omitted from the assay system indicated 
the presence of 3',5'-diphosphoadenosine in the extract. The concen- 
tration of added 3',5'-diphosphoadenosine should not be more than 
M to prevent inhibition of the enzyme. 


Beef cornea is known to contain arylsulfatase, which is inhibited by 
monobasic potassium phosphate and sodium fluoride (14). In the present 
study, phosphate buffer was used routinely to prevent sulfatase action. 
Various concentrations of chondroitin added to the enzyme system did 
not show appreciable differences in Ao.d. in the range of 0.05-0.5 mM. 
Although the sulfation of chondroitin was a rapid reaction in the rabbit 
liver system, the reaction persisted for 5 hr in the beef cornea system. 


A previous investigation of inhibition of mucopolysaccharide sulfation 
in veal costal cartilage showed that 2-mercaptoethylamine and 2-mer- 
captoethylguanidine trithiocarbonate were powerful inhibitors (8), in- 
hibiting sulfation by 90'70 or more. Since this degree of inhibition may have 
undesirable effects, particularly on bone growt.h, compounds with a lower 
degree of inhibitory activity were sought. A series of 2-mercaptoethyl- 
amine derivatives, aromatic and arylsulfonyl aminoethanethiosulfates, 
which should be less toxic than the thiols, was synthesized. Several sali- 
cylates and other compounds used in the previous study also were in- 
cluded, as well as nitrofurantoin and allopurinol, compounds found to 
be effective in inhibiting kidney stone growth. Results of the inhibition 
study are shown in Table 11. 


Of the salicylic acid derivatives tested, salicylic acid and salicylamide 
showed appreciable inhibition of sulfation and p-aminosalicylic acid 
showed some inhibition, but salicyl hydrazide showed slight stimulation 
of the enzyme system. These results indicate that metal-ion complexation 
is not a factor in the inhibition of this sulfation system. Cysteine and ri- 
boflavin both inhibited sulfation by -20%, but nitrofurantoin gave only 
5% inhibition. The latter compound showed much greater inhibition 
(65%) in the study using veal costal cartilage. 


Allopurinol, currently used in kidney stone treatment, gave 26% in- 
hibition. 2-Thiouracil produced 12% inhibition. 2-Mercaptoethylamine 
gave 27% inhibition, whereas it gave 90% inhibition in t,he costal cartilage 


Table 11-Inhibition of Sulfate Transfer  in Beef Cornea Extract  


Activitya, 
Compound % 


None 100 
Cysteine 79 
Riboflavin 80 
Ni trofurantoin 95 
Salicylamide 22 
Salicylic acid 38 
Salicyl hydrazide 109 
p-Aminosalicylic acid 73 
2-Mercaptoethylamine 73 
2-Mercaptoethylguanidine trithiocarbonic acid (17) 18 
Allopurinol 74 
2-Thiouracil 88 
2-[2-(4,6-Diamino-1,3,5-triazinyl)amino] - 15 


Sodium 2-(7-theophyllinyl)ethanethiosulfate 145 
ethanethiosulfuric acid 


ethanethiosulfate 
Sodium 2-(4-acetamidobenzenesulfonamido)- 0 


Sodium 2-(2-naphthalenesulfonamido)ethanethiosulfate 23 
Sodium 2-(8-quinolinesulfonamido)ethanethiosulfate 


Measured after 2 hr (if incuhation at 37' at a ccincentration of 5 X lo-" M o f  
the inhibitory compound, with the exceptions noted for riboflavin, nitrofurantoin. 
and sodium 2-(7-theophyllinyl)ethanethios~1lfate. Activities ot diiferent enzyme 
preparations were adjusted tii give a standard value. 
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system. 2-Mercaptoethylguanidine trithiocarbonate, which gave 93% 
inhibition in veal costal cartilage, showed 82% inhibition in the beef 
cornea system. At the pH (7.0) of the corneal enzyme system, much of 
the 2-mercaptoethylamine may have been converted to the disulfide 
during the observation period (2  hr). 


The arylaminoethanethiosulfates were, in general, inhibitory. Sodium 
2-(4-acetamidobenzenesulfonamido)etlianethiosulfate showed complete 
inhibition, and sodium 2-(2-naphthalenesulfonamido)ethanethiosulfate 
gave 77% inhibition. Sodium 2-(8-quiiiolinesulfonamido)ethanethio- 
sulfate gave 32% inhibition, and 2-[2-(4,6-diamino-1,3,5-triazinyl)- 
amino]ethanethiosulfuric acid gave 25% inhibition. However, sodium 
2-(7-theophyllinyl)ethanethiosulfate showed marked stimulation of the 
enzyme system. An increase in the synthesis rate of glycosaminoglycans 
(chondroitin and dermatan sulfates) was demonstrated in transformed 
fibroblast cells by the addition of theophylline (15). 


I t  was postulated in the previous study of sulfation inhibition (8) that 
metal-ion complexation may be a factor since the compounds tested had 
the common property of metal binding and the enzyme system involved 
requires magnesium and possibly other metals. Not all of the compounds 
observed in the present study are known to be metal binding, so this 
postulation cannot be extended here. No other chemical property com- 
mon to all of the compounds is apparent. 


With compounds having hydroxyl groups, such as the salicylates and 
allopurinol, the possibility exists that they may act as sulfate acceptors 
and compete with mucopolysaccharides. I t  also is possible that the thiol 
group could function in the same manner, but the thiosulfates could enter 
only into possible sulfate-exchange reactions. Therefore, direct inhibition 
of the enzyme system involved by some form of complexation seems more 
likely. 


EXPERIMENTAL' 


Enzyme Preparation-Wortman's method (11) was followed. Abou 
75 fresh, iced beef corneas were washed with tris(hydroxymethy1)ami- 
nomethane hydrochloride buffer (0.05 M ,  pH 7.4) and then soaked in 50 
ml of the buffer before homogenization. A blender' was used for ho- 
mogenization for 30 sec, and the volume was brought to 100 ml by addi- 
tion of the same buffer. The mixture was homogenized for 1 min, and the 
homogenate was centrifuged at 0" for 1 hr a t  34,800Xg. The supernate 
was collected and dialyzed against 2000 ml of0.005 M phosphate buffer 
with 0.5 mM ethylenediaminetetraacetic acid (pH 6.5) for 1 hr in a re- 
frigerator. The preparation was stored in a freezer. 


Sulfotransferase Assay-The reagents were 0.6 M phosphate buffer 
(pH 7.0), 5 X lo-" M potassium p-nitrophenol sulfate, M 3',5'- 
diphosphoadenosine, M chondroitin sulfate, 5 X lo-:% M phenol, 
and beef cornea extract. 


Method A Assay of Phenol Sulfotransferase-To a mixture of 0.3 
ml of each reagent (except chondroitin sulfate), 0.1 ml of buffer, and 1.5 
ml of distilled water in a spectrophotometric cell (S1) with a 1-cm light 
path was added 0.5 ml of beef cornea extract to make the total volume 
3 ml. After mixing, the optical density a t  400 nm was recorded. The 
mixture was incubated in a water bath a t  37" for 2 hr, and the change in 
the optical density a t  400 nm was recorded after each hour of incubation. 
A blank (S1,) was run in which phenol was replaced by water. 


Method B Assay of Mucopolysaccharide Sulfotransferase-The 
same procedure as in Method A was carried out, except that 0.3 ml of 
water in S1 and S1, was replaced by chondroitin sulfate. A spectropho- 
tometric cell ( R )  filled with 2 ml of ph0sphat.e buffer and 2 ml of water 
was used as the reference cell for sample cells S1 and S1, to measure the 
reactions shown in Schemes I and I1 and Scheme I, respectively. 


Inhibition Study-To a mixture of each reagent used in the assays 
and 0.1 ml of buffer in a spectrophotometric cell (S2) with a 1-cm light 
path was added 0.3 ml of a solution of inhibitor [5 X lo-" M ,  except that 
0.25 X lo-" M riboflavin and nitrofurantoin and 0.28 X lo-" M sodium 


Melting points were determined witha Mel-Temp block and are unrimecied. 
IR absorption spectra were obtained with a Perkin-Elmer 457 grating spectro- 
photometer using potassium bromide pellets. NMR spectra were measured with 
a Varian T-60 spectrometer with tetramethylsilane as the internal standard. Me- 
mental analyses were done by F. B. Straws, Oxford, England, o r  hy Carol K .  Fitz, 
Carlisle, Mass. TLC was carried out using silica gel plates, and products were de- 
tected by exposure to iodine vapor or UV light. Starting substances for the syntheses 
were obtained from Aldrich Chemical Co., Eastman Organic Chemicals, and Fisher 
Scientific Co. 


p-Nitrophenol sulfate, 3',5'-diphosphoadenosine, and chondroitin sulfate were 
obtained from Sigma Chemical Co. Rabbit liver and heel cornea were (ihtained from 
Pel-Freez Biologicals. Nitrofurantoin was a gift of Eaton Laboratories, and allo- 
purinol was a gift of Dr. Edwin L. Prien, Sr. 


Waring. 
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2-(7-theophyllinyl)ethanethiosulfate were used]. Beef cornea extract (0.5 
ml) was added and mixed to give a total volume of 3 ml. The mixture was 
incubated in a water bath at  37'. The change in optical density at  400 nm 
was recorded over 2 hr. A blank (SZ,) was run in which phenol and 
chondroitin sulfate were replaced by water. A third cell filled with 1.0 ml 
of phosphate buffer, 1.7 ml of distilled water, and 0.2 ml of inhibitor (at 
the given concentrations) was used as a reference cell, and the previous 
cells (Sp and S y )  were used as sample cells. The change of optical density 
of each solution was recorded. 


Calculations-The calculation of the change in the optical density 
(A0.d.) of the coupled enzyme system was done as shown in the following 
chart, where S, is the sample cell, S,, is the blank cell, and R, is the ref- 
erence cell. 


0.d. at  1 hr o.d. a t  2 hr A0.d. 
S1- S i p  A Sp - Sp, = a a - A  


Sir - R1= C Sz, - Rz = c c - C  
S 1 - R I - B  Sp - R2 = b b - R  


SinceA = R - C,a = b - c, anda - A  = (b - c) - (A - C) = (b - R )  
- (c - C), a - A = (b - R )  - (c - C). 


2-[2-(4,6-Diamino - 1,3,5 - triazinyl)amino]ethanethiosulfuric 
Acid-To 13.44 g (0.075 mole) of sodium 2-aminoethanethiosulfate (16) 
and 2.0 g (0.05 mole) of sodium hydroxide in 100 ml of ethanol was added 
7.28 g (0.05 mole) of 2-chloro-4,6-diamino-1,3,5-triazine suspended in 
10 ml of ethanol with stirring over 2 hr. The mixture was refluxed for 48 
hr, filtered, and evaporated to a slurry. Neutralization of the slurry with 
acetic acid followed by addition of ethanol gave 3.0 g (22%) of a white 
solid, mp 210-215". Crystals were obtained from 95% ethanol, mp 
22,5-228', Rf 0.375 (silica gel with benzene-methanol 82); IR (KBr): 3390, 
3330, 3240-3120, 1200-1180 ( S 2 0 3 ) ,  1028 (u-ring), and 645 (O-ring) 
cm-1. 


Anal.-Calc. for ChHloNsO&: C, 22.55; H, 3.78; N, 31.55. Found: C, 
22.65; H, 4.18; N, 31.79. 


Sodium 2-(7-Theophyllinyl)ethanethiosulfate Monohydrate-A 
mixture of 9.71 g (0.04 mole) of 7-(2-chloroethyl)theophylline and 11.0 
g (0.045 mole) of sodium thiosulfate pentahydrate in 150 ml of ethanol- 
water (1:l) was refluxed with stirring for 24 hr. Flash evaporation of the 
solvent gave a white solid, which was extracted with 200 ml of boiling 
ethanol. The insoluble material was filtered, and the filtrate yielded white 
crystals on chilling overnight; after drying over phosphorus pentoxide 
for 24 hr, 7.31 g (51%) was obtained. Three recrystallizations from abso- 
lute ethanol, with drying (phosphorus pentoxide) for 24 hr and a t  60' 
(calcium chloride) for 48 hr, gave a product that melted a t  258-261'; IR 
(KBr): 3500,3000,2900,1695 (u-ring), 1650 (wing),  1250-1175 (SzOa), 
and 1030 (u-ring) cm-'. 


Anal.-Calc. for C9HllN4Na05STHpO: C, 30.00; H, 3.63; N, 15.54. 
Found: C, 30.30; H, 3.96; N, 15.25. 


Sodium 2-(4-Acetamidobenrenesulfonamido)ethanethiosul- 
fate-A suspension of 11.68 g (0.05 mole) of 4-acetamidobenzenesulfonyl 
chloride in 150 nil of tetrahydrofuran was added over 2 hr to a solution 
of 2.0 g (0.05 mole) of sodium hydroxide, 6.3 g (0.075 mole) of sodium 
bicarbonate, and 7.8fi g (0.05 mole) of 2-aminoethanethiosulfuric acid 
(16) in 150 ml of ethanol at  0-5' with stirring. The mixture was stirred 
at  room temperature for 24 hr, and the precipitate was filtered and dried. 
It was extracted with 300 ml of boiling 95% ethanol and filtered. After 
cooling overnight, the filtrate yielded a crude product, which was ex- 
tracted with 100 ml of ethanol-ethyl acetate (1:l) and recrystallized four 
times from isopropanol. It was dried (calcium chloride) a t  60' in uacuo 
for 24 hr, giving 8.65 g (46%) of a white solid, mp 155-158'; IR (KBr): 


and 640 (CH) cm-1. 
Anal.-Calc. for CloHl:3NpNaO&a: C, 31.90; H, 3.48; N, 7.44. Found: 


C, 31.61; H, 3.85; N, 7.00. 
Sodium 2-(2-Naphthalenesulfonamido)ethanethiosulfate-A 


solution of 11.33 g (0.05 mole) of 2-naphthalenesulfonyl chloride in 100 
ml of tetrahydrofuran was added, with stirring, over 1 hr to a solution of 
2.0 g (0.05 mole) of sodium hydroxide, 6.3 g (0.075 mole) of sodium bi- 
carbonate, and 7.86 g (0.05 mole) of 2-aminoethanethiosulfuric acid (16) 
in 100 ml of 95% ethanol at  0-5'. The mixture was stirred a t  room tem- 


3280,3190,3130,1325 (Sop), 1240-1210 (SzOs), 1160 (SO*), 1040 (CH), 


perature for 24 hr, filtered, and evaporated to a white solid. This solid 
was stirred with methylene chloride for 1 hr, filtered, and extracted with 
100 ml of boiling absolute ethanol. The cooled filtrate gave 12.0 g (65%) 
of product, which was recrystallized three times from absolute ethanol 
and charcoal and dried (calcium chloride) a t  60' for 24 hr in uacuo, mp 
184-185'; IR (KBr): 3280, 3060, 1320 (Sop), 1225-1195 (SZO:~), 1155 
(SO*), 1025 (CH), and 635 (CH) cm-l; NMR (deuterium oxide&): 6 
3.06-3.35 (m, 4H, CHp), and 7.40-8.33 (m, 7H, ring H) ppm. 


Anal.-Calc. for C12H1pNNaOhS:j: C, 39.01; H, 3.27; N, 3.79. Found: 
C, 39.17; H, 3.65; N, 3.62. 


Sodium 2-(8-Quinolinesulfonamido)ethanethiosulfate Mono- 
hydrate-A solution of 5.69 g (0.025 mole) of 8-quinolinesulfonyl chloride 
in 200 ml of tetrahydrofuran was added, with stirring, over 2 hr to a so- 
lution of 1.0 g (0.025 mole) of sodium hydroxide, 2.2 g (0.026 mole) of 
sodium bicarbonate, and 3.39 g (0.25 mole) of 2-aminoethanethiosulfuric 
acid (16) in 50 ml of water at  0-5'. The mixture was stirred a t  room 
temperature for 24 hr and evaporated in uacuo to a white solid. The solid 
was extracted with 300 ml of boiling absolute ethanol and filtered. The 
cooled filtrate yielded 9.1 g (93%), which was recrystallized several times 
to give an analytical sample, mp 173-176'; IR (KBr): 3540-3500,3280, 
1335 (Sop), 1230-1200 (SZO:~), 1175 (Sop), 1030 (CH), and 645 (CH) cm-'; 
NMR (deuterium oxide-d2): 6 3.0-3.40 (m, 4H, CHp) and 7.45-8.45 (m, 
6H, ring H) ppm. 


Anal.-Calc. for CllHllNpNaOsS:+.H20 C, 34.02; H, 3.44; N, 7.26. 
Found: C, 34.40; H, 3.32; N, 7.20. 
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Selected Companies, may hold particular interest for the latter group. 
For other readers, the chapter is an u n n e c e d l y  lengthy digression from 
the theme. The book deserves library space and would be a useful addi- 
tion to a reading list for an introductory pharmacy course. 


Reviewed by H. John Baldwin 
Behavioral and Administrative Pharmacy 
School of Pharmacy 
West Virginia University 
Morgantown, WV26506 


Analytical Procedures for Therapeutic Drug Monitoring and 
Emergency Toxicology. By RANDALL C. BASELT. Biomedical 
Publications, P.O. Box 495, Davis, CA 95616.1980.316 pp. 18 X 26 cm. 
Price $35.00. 
It is a realistic world that we work in, but one that is governed by 


idealistic regulatory agencies. As this compilation of analytical methods 
points out, one can only generate the “numbers” with the available 
equipment afforded by his or her employer. For example, you cannot 
determine the blood level of phencyclidine by nitrogen-specific GLC if 
all you have available is a dual-beam spectrophotometer. On the other 
hand, you will never achieve the sensitivity needed for phencyclidine 
detection using a dual-beam spectrophotometer. Baselt is realistic in 
pointing out that not all laboratories are equally equipped and that one 
may have to sacrifice some accuracy for speed, depending on the situa- 
tion. 


The book presents alphabetically a series of potential quantitative 
methods for 84 drugs and some general screening procedures. The drugs 
and chemicals included are those generally encountered by the clinical 
chemist and analytical toxicologist. For example, GLC procedures are 
given for ibuprofen, ketamine, and methylphenidate. Three methods are 
given for the oral hypoglycemics. Blood levels in the therapeutic and toxic 
ranges are given for each drug. 


The introduction could have included some guidelines for the inter- 
pretation of the blood levels given for therapeutic, toxic, and lethal 
concentrations. Consideration must be given to whether these levels were 
obtained from human or animal data. Also, lethal levels may be those 
reported from only a single, isolated case or may represent a minimum 
lethal level. Consideration also must be given to any disease states or 
tolerance the person may have to a particular drug. 


In general, the book lacks any specific indications of the factors that 
affect blood drug levels. The book deserves consideration and will serve 
as a reference in any forensic or clinical laboratory. It is useful for new 
laboratories or for laboratories that are expanding the number of tests 
they perform. It also gives important information concerning the 
equipment and supplies necessary in establishing an analytical toxicology 
laboratory. 


The greatest utility of this book will be for analytical toxicologists, 
pathologists, and medical technologists in a large teaching hapital where 
emphasis is placed on therapeutic drug monitoring. 


Reviewed by Charles L. Winek 
Duquesne University 
Pittsburgh, PA 15219 


How to Write and Publish a Scientific Paper. By ROBERT A. DAY. 
IS1 Press, 325 Chestnut St., Philadelphia, PA 19106.1979.160 pp. Price 
$8.95. 
This valuable and witty book was written by a managing editor with 


25 years of experience. Until this year, he was managing editor for the 
journals published by the American Society for Microbiology. The first 
15 of the 26 chapters deal with the preparation of the different elements 
of a manuscript, beginning with a definition of a scientific paper and 
ending with where and how to submit the manuqcript. The next two 
chapters describe the review and publishing processes. Chapter 22 is on 
ethics, rights, and permissions. The next three chapters discuss the use 
and misuse of English. 


I recommend the book to authors and editors. If authors would learn 
its lessons, editors would return fewer manuscripts to be rewritten due 
to poor style. Perhaps editors should enclose a copy of the book with re- 
turned manuscripts! The book should be required reading for those who 
prepare internal documents in our institutions-academic, corporate, 
and governmental. 


The next edition should have a chapter on footnotes, one on the metric 
system, and one directed to the typist. Manuscripts are received with 
footnotes typed single spaced at the bottom of the page. Too many au- 
thors of documents do not know how to abbreviate the metric or English 
system of units. The appendix on accepted abbreviations in this book 
gives the abbreviations for cubic centimeter, gram, and liter but not for 
milliliter. Typists must receive on-the-job training in manuscript prep- 
aration; their schools do not teach them, nor apparently do their em- 
ployers. 


Reviewed by Frederick Kavanagh 
829 36th St., N .  W.  
Coruallis, OR 97330 
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significant antiestrogenic activity in uiuo. Thus, the cis-configuration 
and gem-dichloro substitution appear to be important for antiestrogenic 
activity in the cyclopropyl series since neither the trans-isomer (I) nor 
the reduced compound (IX) was antiestrogenic in this study. 


An examination of receptor binding activity in Fig. 3 and Table I in- 
dicates that various structural modifications significantly alter estrogen 
binding activity. The structure-activity relationships revealed by this 
series of cyclopropyl analogs are: 


1. Replacement of hydroxyl groups with 0-methyl groups decreases 
receptor binding activity (compare I11 with VIII and 1V with VII). The 
importance of free hydroxyl groups for the production of estrogenic ac- 
tivity was demonstrated with other stilbenediol derivatives (16,17). 


2. The absence of trans-ethyl groups decreases receptor binding ac- 
tivity (compare VI with VII). 


3. The trans-configuration produces a slightly greater binding affinity 
than the cis-configuration (compare I with I1 and IX with X). 


4. The gem-dichloro substitution generally increases receptor binding 
activity (compare I with X, IV with VIII, and I1 with IX). However, the 
gem-dicbloro substitution together with p-methoxy substitution de- 
creases binding affinity (compare 111 with VII), perhaps due to a steric 
interaction of these bulky groups that interfere with access to the receptor 
site. 


Receptor binding activity paralleled in uiuo estrogenic activity in this 
series of compounds, except VIII, which displayed the most potent es- 
trogenic activity in uiuo and the second greatest receptor affinity in uitro. 
This result may be explained by the fact that receptor binding and the 
initiation of an estrogenic response are two separate events and have been 
dissociated in the in uitro receptor binding assay due to the isolation of 
the receptor complex. Korenman (13) demonstrated previously that the 
relative binding affinity of steroidal estrogens paralleled uterotropic 
activity. 


I t  is difficult to make structure-activity conclusions based on this 
limited series of analogs. Other members of the cyclopropyl series are 
being synthesized and evaluated for biological activity. However, the 
information obtained from this study will guide the design of other 
members of this series. I t  appears from the results that the gem-dichloro 
analogs with cis-phenyl rings hold the greatest promise for antiestrogenic 
activity. 


This study also indicates that the cyclopropyl analogs of stilbene and 
stilbenediol may become useful in the treatment of estrogen-dependent 
tumors and as potential antifertility agents. Antifertility agents with 
fewer side effects and more effective antineoplastic therapy for breast 


and uterine cancer clearly are needed. However, synthesis of the complete 
series of cyclopropyl analogs and thorough evaluation of these compounds 
will be required. Thus, the design, development, and biological evaluation 
of these potential therapeutic agents are in progress. 
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Abstract The contraceptive steroid ethinyl estradiol was extensively 
metabolized when given orally in solution to dogs. I t  was thought a t  first 
that metabolism occurred exclusively in the liver. However, use of stan- 
dard equations to predict the oral bioavailability of drugs known to be 
metabolized by hepatic first pass resulted in significantly higher values 
than those obtained experimentally, T~ rationalize the data and to de- 
termine whether ethinyl estradiol also is metabolized in the gut wall 
during absorption, metabolism in rats was studied. The drug was ad- 
ministered in solution intraduodenally, intraportally, and intravenously 
as a bolus and by first-order infusion. The results indicate that, in rats, 


40% of the drug is metabolized by the gut wall and 7990 of the drug in the 
portal blood is metabolized by the liver after intraduodenal adminis- 
tration. 


Keyphrases 0 Ethinyl estradiol-first-pass metabolism in dogs and ratu, 
gut wall metabolism in rats Bioavailability-ethinyl estradiol, first-pass 
metabolism in rats and dogs, gut wall metabolism in rats Metabo- 
lism-ethinyl estradiol in rats and dogs, first-pass metabolism and pos- 
sible gut 


The natural contraceptive steroids such as progesterone 
and estradiol are not effective orally due to their extensive 
metabolism in the GI tract during absorption and to he- 
patic first-pass metabolism (1,2).  Although introduction 


of the ethinyl group at the l7a-position renders the com- 
pound stable toward metabolic attack by 17a-hydroxylase, 
ethinyl estradiol, like estradiol, contains a phenolic hy- 
droxyl group at the 3-position that is subject to sulfate and 
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Figure 1-Apparatus used to administer first-order infusion intra- 
portally and intraduodenally. 


glucuronide conjugation in both humans and animals (3, 
4). 


In this study, the extent of the GI and hepatic first-pass 
metabolism of ethinyl estradiol in dogs and rats was in- 
vestigated. 


EXPERIMENTAL 


Materials-Radiolabeled ethinyl [6,7-3H(N)]estradio11 (57.2 Ci/ 
mmole) and nonradiolabeled ethinyl estradio12 were used as supplied. 
All other solvents and reagents were analytical reagent grade. 


Dog Experiment-Three female beagle dogs, -10 kg, were used. Prior 
to drug administration, the dogs were fasted overnight with water ad l i -  
bitum. Then, 35 pg of ethinyl estradiol/dog (lOOpCi/dog) was adminis- 
tered on separate occasions as an intravenous solution (dissolved in 1 ml 
of 5% ethanol-saline) and an oral solution (dissolved in 5 ml of 1% etha- 
nol-water). The oral administration was followed immediately with 45 
ml of water. 


After administration, 3 ml of blood was withdrawn fwm the cubital 
vein periodically. After centrifugation, 0.1 ml of plasma was analyzed for 
total radioactivity, and 0.5 ml of plasma was analyzed for unchanged 
ethinyl estradiol according to the method described later. Urine was 
collected for up to 48 hr after administration, and 0.1-ml urine samples 
were analyzed for total radioactivity and unchanged steroid. 


Rat Experiment-Male Sprague-Dawley rats, -270 g, were anes- 
thetized with pentobarbital sodium (50 mghg). For intraduodenal and 
intraportal administrations, the abdomen was opened through a midline 
incision. A polyethylene tube3 was attached to one end of the shank of 
a 23-gauge needle4, the other end of which was inserted directly into the 
duodenum or the hepatic portal vein and fixed with an adhesive agent5. 
The tube was extended to the exterior of the animal prior to closure of 
the abdomen with sutures. To collect periodic blood samples, the femoral 
artery was cannulated with a polyethylene tube (PE-50) attached to a 
syringe filled with heparinized saline (100 unitdml). 


For bolus administration, 3.5 pg of ethinyl estradiolkg was adminis- 
tered in 0.1 ml of 5% ethanol-saline into the femoral vein, the hepatic 
portal vein, or the duodenum. First-order infusions of the drug (3.5 
pghg), simulating oral absorption, were given via the hepatic portal vein 
and the duodenum at a rate constant of 1.2 hr-' (tllz = 0.58 hr) over 4 hr 
(Fig. 1) according to the method of Ronfeld and Benet (5). After drug 
administration, 0.2-ml samples of blood were removed periodically from 
the femoral artery and analyzed for unchanged steroid. 


Assays for Total Radioactivity and Unchanged Ethinyl Estra- 
diol-The total radioactive steroid in the plasma and urine was measured 
by diluting the samples directly with 10 ml of a commercial scintillant6 
and counting the radioactivity using a liquid scintillation spectrom- 
eter'. 


Unchanged ethinyl estradiol in plasma and urine was determined as 
follows. One milliliter of 0.01 N HCl was added to the sample, and the 
mixture was extracted with 6 ml of benzene-heptane (2:3 v/v). Five 


New England Nuclear, Boston, Mass. 
Sigma Chemical Co., St. Louis, Mo. 
Clay Adam Parsip any, N.J. 


4 Jelco Laborkories, karitan, N.J. 
5 Super Glue-3, Woodhill Permatex, Cleveland, Ohio. * Insta-Gel, Packard Instrument Co., Downers Grove, Ill. 


Model 3255 Tri-Carb. Packard Instrument Co., Downers Grove, 111. 
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Figure 2-Mean plasma levels of total activity and unchanged ethinyl 
estradiol for intravenous and oral solutions. Key: 0 and A, total activity 
of intravenous and oral solutions, respectively; and 0 and A ,  unchanged 
ethinyl estradiol as intravenous and oral solutions, respectively. 


milliliters of the organic phase was transferred to the scintillation vial 
and evaporated to dryness with a nitrogen stream. The radioactivity was 
determined according to the procedure for the total radioactive ste- 
roid. 


To confirm that only unchanged steroid was measured, the benzene- 
heptane extracts were concentrated by evaporation with a nitrogen 
stream and spotted on TLC silica gel HF precoated platess. After de- 
velopment in three solvent systems (benzene-ethanol, 9 1  v/v; ben- 
zene-ethyl acetate, 4 1  v/v; and cyclohexane-acetone, 4 1  v/v), the plates 
were air dried and divided into I-cm sections. Each section was scraped 
into 10 ml of scintillation cocktail and counted. 


RESULTS AND DISCUSSION 


Plasma samples extracted with benzene-heptane after intravenous 
and oral administration of 3H-laheled ethinyl estradiol to rats and dogs 
resulted in a single spot corresponding to that of ethinyl estradiol in all 
TLC systems used. This finding indicates that benzene-heptane extracts 
only the unchanged fraction of ethinyl estradiol. 


Plasma levels, as a function of time, of the total radioactivity and un- 
changed ethinyl estradiol after intravenous and oral administration of 
ethinyl estradiol solution to dogs is shown in Fig. 2. The plasma level of 
unchanged steroid following oral administration was significantly lower 
than that following intravenous administration, although the plasma level 
of total radioactivity following either administration was nearly the same. 
These data strongly indicate that ethinyl estradiol, given orally, is me- 
tabolized extensively during or after absorption in dogs. The half-lives 
of the initial and terminal phases of the plasma level curveof unchanged 
steroid after the intravenous administration were graphically estimated 
to be about 15 and 180 min, respectively. 


Table I shows the urinary recovery of total radioactivity and unchanged 
ethinyl estradiol after intravenous and oral administration to dogs. The 
percent urinary recovery of total radioactivity and unchanged steroid 
after both routes of administration were almost the same. These urinary 
recovery data and the plasma total radioactivity data shown in Fig. 2 
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Table I--Urinary Recovery (Percent of Dose) of Total 
Radioactivity and Unchanged Ethinyl Estradiol after 
Intravenous and Oral Adminstration in Three Beagle Dogs * 


Intravenous Oral 
Dog Total Unchanged Total Unchanged 


IJ96 18.5 0.54 21.2 0.32 
NJ06 22.3 0.38 17.6 0.21 
J096 24.0 0.63 22.0 0.40 
Mean 21.6 0.51 20.2 0.31 
f S E  1.6 0.07 1.3 0.05 


The urine collection period was 0-48 hr, and the dose was 35 pg/dog (100 
ptci/dog). 


suggest that the drug is completely absorbed from the GI tract. Based 
on the recovery of radioactivity, ethinyl estradiol was shown by Reed et 
al. (6) to be rapidly and completely absorbed from the GI tract. 


For a drug that is completely absorbed and eliminated exclusively by 
hepatic metabolism, oral bioavailability can be predicted using the 
equation derived by Rowland (7): 


(Es. 1) 


where f m  is the fraction of the dose metabolized in the liver on intravenous 
administration, v b l  is the liver blood flow, H is the hematocrit, K p  is the 
apparent partition coefficient of the drug between plasma and erythro- 
cytes, D,, is the dose, and AUC,, is the area under the curve for intrave- 
nous administration. This equation has been applied with reasonable 
success to predict the oral bioavailability of propranolol (8) and nor- 
triptyline (9) in humans. 


The fraction of unchanged steroid in the urine after intravenous ad- 
ministration was very small (0.5% of the dose). Therefore, the renal 
clearance was almost negligible. In one study in dogs, the drug was 
completely absorbed after oral administration. If it is assumed that 
ethinyl estradiol is metabolized exclusively by the liver, then f m  = 1, and 
Eq. 1 can be used to predict the bioavailability of the drug after oral ad- 
ministration (7). Since H is known to be 0.4 and K p  (for ethinyl estradiol) 
was determined experimentally in these laboratories to be >500, H/Kp 
is almost zero. By using the value of v b l  in dogs of 51 ml/min/kg (lo), the 
predicted oral bioavailability was calculated and compared to the ex- 
perimental values. 


Table I1 shows the area under the curve for the unchanged drug after 
intravenous and oral administration of ethinyl estradiol to dogs and the 
comparison of the experimentally determined and predicted values. The 
observed availability (0.075) was much lower than the predicted value 
(0.222). Such a difference could not be attributed to incomplete ab- 
sorption of ethinyl estradiol from the GI tract since the total plasma ra- 
dioactivity and urinary recovery data from the two routes of adminis- 
tration were almost the same. Since the predicted availability was cal- 
culated based on the assumption that drug metabolism occurred only in 
the liver, the differences between the predicted and observed availability 
after oral administration may be due to metabolism of the drug on its 
passage through the gut wall, which Eq. 1 does not take into account. 


To estimate the extent of gut wall and liver metabolism of ethinyl es- 
tradiol, studies were undertaken with rats. Solutions of the drug were 
administered as an intraportal, intraduodenal, or intravenous bolus. To 
simulate oral absorption, the drug was also administered intraportally 
and intraduodenally by first-order infusion. 


Figures 3 and 4 show the mean blood levels of unchanged ethinyl es- 
tradiol after bolus and first-order infusion, respectively. The drug blood 
levels after intraduodenal administration were significantly lower than 
those after intraportal or intravenous administration. 


The bioavailability following intraportal and intraduodenal admin- 


Table 11-Area under Curve Values after Intravenous and Oral 
Administration of Ethinyl Estradiol and Oral Bioavailability in 
Three Beagle Dogs a 


AUC, (ng hr)/ml Bioavailability 
Dog Intravenous Oral Observedb Predicted" 


IJ96 2.554 0.310 0.121 0.253 
NJ06 2.594 0.106 0.041 0.183 
J096 2.254 0.147 0.065 0.231 
Mean 2.467 0.188 0.075 0.222 
+SE 0.107 0.063 0.024 0.021 


0 The dose was 35 pg/dog (lOOpCi/dog). b Observed bioavailability was obtained 
from AlJCJAUC,,. Predicted bioavailability calculated from Eq. 1. 
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Figure 3-Mean blood levels of unchanged ethinyl estradiol after bolus 
intravenous (oJ, bolus intraportal (A), and bolus intraduodenal (m) 
administration of 3.5 pglkg in rats. 


istration can be compared to intravenous administration using the fol- 
lowing relationships (11,12): 


(Eq. 2) 


where AUCi,,, AUCid, and AUCi, are the areas under the blood level 
curves when the drug is given.intraportally, intraduodenally, and intra- 
venously, respectively, and Fg and J'i are the fractions of the drug me- 
tabolized in the gut wall and the liver, respectively. 
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Figure 4-Mean blood levels of unchartged ethinyl estradiol after bolus 
intravenous (O),  first-order intraportal (A), and first-order intraduo- 
denal (m) administration of 3.5 pglkg in rats. 
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Table 111-AUC. F,. and F, Values Obtained from Intraduodenal, IntraDortal. and Intravenous Administration in Rats a 


Route AUCid AUCipv AUCi, Intraduodenal/Intravenous Intraportal/Intravenous Fg Fi 


First-order infusion* 9.0 f 1.2 15.0 f 1.1 - 0.129 0.215 0.399 0.785 
Bolus 10.8 f 2.0 13.0 & 2.9 69.6 f 6.4 0.155 0.186 0.169 0.814 


a The ethinyl estradiol dose was 3.5 +g/kg (lOOpCi/kg), and the AUC values are expressed in nanogram minutes per milliliter from zero time to infinity and are the 
mean f SE (n = 3). K = 1.2 hr-1, t1 /2  = 0.58 hr. 


From Eq. 2 
AUCi , 
AUCiv 


FL=l-- (Eq. 4) 


Substitution of Eqs. 2 and 4 into Eq. 3 yields: 


Table 111 shows the AUC, Fg, and Fi values obtained from intraduo- 
denal, intraportal, and intravenous administration of ethinyl estradiol 
in rats at a dose of 3.5 pg/kg. The results indicate that 40% of the drug 
was metabolized by the gut wall (F,) and that 79% of the drug in the 
portal blood was metabolized by the liver (Pi) before reaching the sys- 
temic circulation after first-order infusion. The Fi value after bolus ad- 
ministration was almost the same as that after first-order infusion, 
whereas the F, value was significantly different. The difference could 
be due to the saturation of the metabolizing enzyme in the gut wall after 
bolus intraduodenal administration. 


The results of this study indicate that, in the rat, the oral contraceptive 
steroid, ethinyl estradiol, is extensively metabolized in both the gut wall 
and the liver. In view of this finding, differences between the predicted 
and observed availability after oral administration of the drug to  dogs 
also may be due to metabolism of the drug in the gut wall. 


To compare the Fg and the Fi values in rats with those in dogs, the Fg 
and Fi values in dogs were estimated by: 


Fi = 1 - (predicted bioavailability) (Eq. 6) 
(observed bioavailability) 


F g = l -  (Eq. 7) (predicted bioavailability) 


The Fl value in dogs wav 0.78, which was close to that found in rats 
(0.7W.81). The Fg value in dogs was 0.66, which was significantly greater 
than that found in rats (0.17 from a bolus administration and 0.40 from 
a first-order infusion). 


The difference in the Fg value between the two animal species may be 
due to factors such as stomach emptying, rate of absorption, and the 
amount of enzymes in the GI tract. 
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Terpenoids Biotransformation in Mammals 111: 
Biotransformation of a-Pinene, ,8-Pinene, Pinane, 
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Abstract The biotransformation of (+)-, (-)-, and (*)-a-pinenes, 
(-)-/?-pinene (nopinene), (-)-cis-pinane, (+)-3-carene, (-)-cis-carane, 
myrcene, and p-cymene in rabbits was investigated. The major metab- 
olites were as follows: (-)-trans-verbenol from (+)-, (-)-, and (&I-  
a-pinenes; (-)-10-pinanol and (-)-l-p-menthene-7,8-diol from (-)- 
/?-pinene; (-)-a-terpineol and (-)-trans-sobrerol from (-)Aspinane; 
(-)-m-rnentha-4,6-dien-8-01, 3-caren-9-01, (-)-3-carene-9-carboxylic 
acid, and 3-carene-9,10-dicarboxylic acid from (+)-3-carene; carane- 
9,lO-dicarboxylic acid from (-)-cis-carane; and myrcene-3(10)-glycol, 
myrcene-1,2-glycol, uroterpenol, and p-cymene-9-carboxylic acid from 
p-cymene. These metabolisms include allylic oxidation, epoxidation, 
stereoselective gem-dimethyl hydroxylation and its oxidation, cleavage 
of a conjugated double bond by epoxidation, and regioselective oxidation, 


some of which are not found usually in chemical reactions, and due to 
which various new compounds were determined. This biotransformation 
of the monoterpene hydrocarbons gave some insect pheromones in high 
yield. 


Keyphrases 0 Biotransformation-neutral and acidic metabolites of 
a-pinene, P-pinene, pinane, 3-carene, carane, myrcene, and p-cymene 
in rabbits 0 Metabolites, neutral and acidic-biotransformation of 
a-pinene, /?-pinene, pinane, karene ,  carane, myrcene, and p-cymene 
in rabbits 0 Terpenoids-a-pinene, 8-pinene, pinane, 3-carene, carane, 
myrcene, and p-cymene, neutral and acidic metabolites, biotransfor- 
mation in rabbits 


In many countries, plants with mono-, di-, or sesqui- 
terpenoids are used as folk medicine. Medicinal plants with 
essential oils can be found in many pharmacopeias. The 


pharmaceutical activities of mono- and sesquiterpenoids 
were reviewed (11, and it was reported that turpentine oil 
containing a-pinene, P-pinene, 3-carene, and myrcene is 
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Since isosorbide dinitrate is a vasodilator (29), it probably increases 
the rate of ergotamine absorption by increasing the rate of intestinal 
blood flow. This conclusion is consistent with the earlier postulate that 
the rate-determining step in ergotamine absorption is its rate of passage 
from the membrane into the blood rather than its passage into or through 
the membrane. 


Caffeine is also a vasodilator (30); a t  a concentration of 2 mg/ml, it 
increased intestinal blood flow by 166% in anesthetized rats and increased 
the rate of absorption of tritiated water, urea, and antipyrine at  pH 8.0 
and of salicylic acid at pH 6 (31). Hence, while part of the effect that 
caffeine has on increasing the absorption of ergotamine at  pH 5.0 may 
be due to its effect on the blood flow rate, this effect is thought to be minor 
because it does not affect absorption rates a t  pH 3, it does not affect ab- 
sorption rates at pH 5 from adjacent loops that do not contain caffeine, 
and it exerts an accelerating effect on ergotamine absorption in in uitro 
experiments where no blood supply is present. 


CONCLUSION 


1. Caffeine increases the rate of ergotamine absorption from the rat 
small intestine when the pH of the intestinal contents is 5.0 but not when 
it is 3.0. This effect is independent of the effect that caffeine exerts on 
the dissolution rate of ergotamine because, in the experiments performed, 
ergotamine was administered as a stable solution. 


2. Although caffeine increases intestinal blood flow, this property only 
plays a minor role in its absorption-accelerating effects at pH 5.0. Vaso- 
dilation and increased blood flow are likely to explain the rate-acceler- 
ating effect of isosorbide dinitrate on ergotamine absorption. 


3. The rate-determining step in the absorption of ergotamine appears 
to be transport from the intestinal membrane into the blood. 
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Abstract The biological activity of montmorillonite, palygorskite, 
kaolinite, chrysotile, and silica was examined using in uitro hemolysis 
of erythrocytes. The hemolytic potency was in the order montmorillonite 
> silica > palygorskite > chrysotile > kaolinite. The polymer poly-2- 
vinylpyridine-N-oxide inhibited hemolysis caused by mon tmorillonite, 
palygorskite, kaolinite, and silica, but it was less effective with chrysotile. 
The extent of polymer binding to the silicates and red blood cells was 
measured by UV spectroscopy. When sucrose was substituted for the 
saline solution as the incubating medium, hemolysis was eliminated in 


all systems except chrysotile-erythrocyte, where it was enhanced. The 
results indicate that both hydrogen bonding and ionic interactions be- 
tween silicate surfaces and the erythrocyte membrane are important in 
the hemolytic process. 


Keyphrases Silicates-effect of poly-2-vinylpyridine-N-oxide on 
silicate-induced hemolysis n Hemolysis-effect of poly-2-vinylpyri- 
dine-N-oxide, silicates Suspending agents-effect of poly-2-vinyl- 
pyridine-N-oxide on silicate-induced hemolysis 


Inhaled silicate particles cause various pathological 
disorders (1). In addition to pulmonary tissue damage, the 
particles can potentially damage other body tissues be- 


cause silicates such as montmorillonite, kaolinite, and 
palygorskite are used in many pharmaceuticals and cos- 
metics (primarily as fillers, stabilizers, and suspending 
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agents); consequently, silicate particles are ingested in 
relatively large quantities or applied directly to the skin. 
Palygorskite (attapulgite) also has a fibrous morphology 
somewhat similar to chrysotile asbestos. 


The effect of silicates on cellular membranes may be 
studied by in uitro hemolysis of erythrocytes. Silica (2,3), 
the chrysotile variety of asbestos (4, 5), sepiolite and 
palygorskite (5,6), kaolinite (7), and montmorillonite and 
illite (7) are known to induce in uitro hemolysis. 


The weakly basic polymer poly-2-vinylpyridine-N-oxide 
(I) is an effective preventative against experimental sili- 
cosis (8). It also protects erythrocytes against the hemolytic 
action of various silica forms (9,lO) but is less effective in 
preventing chrysotile-induced hemolysis ( 5 ) .  Little is 
known about the effect of I on hemolysis caused by other 
silicates. 


The purposes of this study were to determine the effect 
of I and sucrose on hemolysis caused by montmorillonite, 
kaolinite, and palygorskite and to compare these systems 
with the silica- and chrysotile-erythrocyte systems, which 
have been the most extensively studied systems. In addi- 
tion, the extent of I binding to the silicates and erythro- 
cytes was determined. 


EXPERIMENTAL 


Silicates-Montmorillonite', kaolinite', and palygorskite2 samples 
were passed through a 300-mesh sieve, and the 50-pm fraction was used 
for all studies. Crude chrysotile fibers were separated partially by hand 
and then ground3 for 2 min. The silica4 was a synthetic, amorphous ma- 
terial and was used as received. Samples of the silicates6 were suspended 
in deionized water and sonicated6 for 5 min at  80 w to assure separation 
and dispersion. 


Erythrocytes and Media-Bovine blood was drawn by venipuncture 
directly into a sterile 60-ml polyethylene tube coated with heparin. The 
red blood celh were washed three times with isotonic phosphate-buffered 
saline solution (0.106 M NaC1,0.030 M Na~HP04.7H20, and 0.008 M 
KH2P04). After the final wash, a 3% (v/v) suspension of red blood cells 
was prepared. 


Phosphate buffer (pH 7.3) was used throughout, except for the chry- 
sotile-erythrocyte system. It was reported (10) that phosphate inhibits 
the hemolytic activity of chrysotile, an observation confirmed in this 
laboratory. The pH of the chrysotile-erythrocyte system was monitored 
closely, however, and remained at  7.2 f 0.1 for the concentration of 
chrysotile used. 


To study the effect of sucrose on silicate-induced hemolysis, 0.250 M 
sucrose (0.250 M sucrose is isotonic with 0.145 M NaCl) was substituted 
for the saline solution as the incubating medium. 


Hemolysis Technique-Glass test tubes (10 X 75 ml) were used for 
all hemolysis studies. The silicate-red blood cell suspensions consisted 
of the following and were prepared in the order given: 1 ml of a silicate 
suspension, 3 ml of the phosphate-buffered saline solution (sodium 
chloride alone for the chrysotile-erythrocyte system), and 1 ml of the 3% 
suspension of red blood cells. For the study of the effect of I on silicate- 
mediated hemolysis, the polymer was added to the described mixture 
immediately after the silicate suspension. The total volume of the mixture 
was always 5 ml. A sample consisting of 4 ml of the phosphate-buffered 
saline solution and 1 ml of the 3% suspension of red blood cells served as 
a control for the possible fragility of the erythrocytes. 


The test tubes were sealed7 and gently rotated end-over-end for 1 hr 
at room temperature. The suspensions then were centrifuged at 1500Xg 


Montmorillonite (Upton, Wyo.), kaolinite (Bath, S.C.), and chrysotile (Quebec) 
samples were obtained from the Wards Natural Science Establishment, Rochester, 
N.Y. 


The palygorskite (Attapulgus, Ga.) sample was obtained from the C.M.S. Clay 
Minerals Repository, Department of Geology, University of Missouri, Columbia, 
Mo. 


Janke-Kunkel mechanical grinder. 
Cab-0-Sil, Cabot Corp. 
Montmorillonite, kaolinite, palygorskite, chrysotile, and silica will be referred 


Model W185, Branson Sonic Power Co. 
to as silicates. 


' Parafilm, American Can Co., Greenwich, Conn. 


Table I-Percentage Hemolysis Produced by the Silicates in the 
Presence of I 


I Concentration, pM/ml 
Silicate" 0.2 1.0 


Montmorillonite 23 f 2b 
Palygorskite 20 f 3 
Kaolinite 50 f 2 
Silica 7 f 4  
Chrvsotile 50 f 1 


NDc 
3 f 2  


20 f 5 
ND 


42 f 4 


a The HCso concentrations of the silicates were used (see text). * Mean f SD, 
9% (n = 4). 


for 5 min, and the absorbance of the supernatant solution was measured 
spectrophometrically8 at  541 nm with the control sample as the reference. 
The degree of hemolysis was expressed as a percentage of a totally lysed 
sample. 


Binding of I-The UV spectrum of I gives a A,,, equal to 260 nm in 
water (11); therefore, the extent of polymer binding to the silicates and 
erythrocytes can be measured conveniently. 


Twenty milligrams of a silicate or 10 ml of a 6% suspension of red blood 
cells and 1 mg of I were added to 20 ml of the phosphate-buffered saline 
solution in 100-ml volumetric flasks. The flasks then were brought to 
volume with deionized water (phosphate-buffered saline solution was 
used for the erythrocyte-I mixture). After 5 min of periodic shaking, a 
sample was removed from the flasks, placed in polypropylene centrifuge 
tubes, and centrifuged at  40,000Xg for 10 min. A sample of the supernate 
was transferred to a quartz cell, and the absorbance was measureds at  
260 nm. 


The following formula was used to calculate the percentage of 1 mg of 
I bound to 20 mg of the silicate or 10 ml of a 6% suspension of red blood 
cells: 


No detectable hemolysis. 


% bound = [AP - (A, - A,)/A,] X 100 (Eq. 1) 


where A, is the absorbance of a 0.001% (w/v) solution of I, A, is the ab- 
sorbance of the supernate after centrifugation of a mixture of 0.001% I 
and a 0.02% (w/v) silicate or 0.6% (v/v) erythrocyte suspension, and A,,, 
is the absorbance of the supernate after centrifugation of a 0.02% silicate 
or 0.6% erythrocyte suspension. 


RESULTS AND DISCUSSION 


To facilitate meaningful comparisons between the silicates, the con- 
centration of the silicate that caused 50% hemolysis when incubated with 
1 ml of a 3% suspension of erythrocytes was determined. This concen- 
tration'O (in milligrams of silicate per milliliter of silicate-erythrocyte- 
buffer suspension) was as follows for the five silicates examined mont- 
morillonite, 0.006; silica, 0.03; palygorskite, 0.06; chrysotile, 0.1; and 
kaolinite, 0.6. The use of the HCm concentration partially compensated 
for physical as well as chemical differences in the untreated silicates. 
There appeared to be a correlation between the specific surface area of 
the silicates [montmorillonite > silica 2 palygorskite > kaolinite 2 
chrysotile (12-14)] and their hemolytic activity. 


It was confirmed that I is very effective in inhibiting hemolysis caused 
by silica, but it was much less effective with chrysotile (Table I). The 
polymer also decreased hemolysis produced by montmorillonite, paly- 
gorskite, and kaolinite, although its effect was somewhat less than on 
silica-induced hemolysis (Table I). 


Two hypotheses concerning the mechanism of interaction between 
silica and the erythrocyte membrane have been proposed: ( a )  hydrogen 
bonding (9) of the silanol groups on the silica surface with the phosphate 
ester linkages of phospholipids and the amide groups of proteins, and ( b )  
ionic interaction (15) between dissociated silanol groups on the silica 
surface and positively charged species on the erythrocyte membrane 
surface. 


Compound I is a strong hydrogen bonding material; therefore, its ef- 
fectiveness in preventing silica-induced hemolysis suggests that hydrogen 
bonding is the predominant mode of interaction between silica and the 
erythrocyte membrane during hemolysis. The polymer apparently bonds 
to the silanol groups on the silica surface and thus prevents these groups 
from contacting the red blood cell membrane. 


Because I also inhibits hemolysis caused by montmorillonite, paly- 


Bausch & Lomb model 20 spectrophotometer. 
Beckman model Acta CII spectrophotometer. 


lo Hereafter referred to as the HCm concentration. 
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Table 11-Amount of I Bound to the Silicates and to 
Erythrocytes 


Material I Boundo, % 


Montmorillonite 100 


Kaolinite 48 f 3 
Silica 96 f 1 


Erythrocytes 4 f l  


Palygorskite 97 f 26 


Chrysotile 37 f 4 


One milligram of I was added to 20 mg of the silicates or 10 ml of a 6% suspension 
of erythrocytes in a total volume of 100 ml. * Mean f SD, % (n = 4). 


gorskite, and kaolinite (Table I), a hydrogen bonding mechanism prob- 
ably is at least partially involved in these systems. The three silicates, 
montmorillonite, palygorskite, and kaolinite, have many surface hydroxyl 
groups bound to the cations (predominantly silicon, aluminum, and 
magnesium exposed at crystal edges) (16,17); these hydroxyl groups could 
function as hydrogen donors. Furthermore, montmorillonite has a high 
cation-exchange capacity (12), and the water of hydration of the ex- 
changeable cations also can function as hydrogen donors (18). 


Chrysotile, on the other hand, is a fibrous, tubular magnesium silicate 
with the silica sheets on the inner side and the magnesium hydroxide 
sheets exposed at the surface. Since the pK of chrysotile is close to 11 (19), 
it has a positive surface charge at  physiological pH values. Compound 
I is relatively ineffective in preventing chrysotile-induced hemolysis 
(Table I), while many anionic species such as phosphate and ethyl- 
enediaminetetraacetic acid are’effective inhibitors (10, 20). This fact 
suggests that little hydrogen bonding is involved in the chrysotile- 
erythrocyte system. An ionic interaction between chrysotile and the red 
blood cell membrane has been proposed (21). 


The effect of I on silicate-induced hemolysis previously has not be‘en 
clearly interpretable; it could affect the surface of the silicate, the 
erythrocyte membrane, or both. The data in Table I1 clearly show that 
erythrocytes bind very little of the polymer while it is readily bound to 
montmorillonite, palygorskite, and silica and to a lesser extent to kaolinite 
and chrysotile. Therefore, I probably exerts its protective action by 
blocking the lytic sites on the surfaces of the silicates. 


When sucrose was substituted for the saline solution as the incubating 
medium, no hemolysis was observed when the HC5o concentrations of 
montmorillonite, palygorskite, kaolinite, and silica were incubated with 
erythrocytes. The sucrose molecule has many potential hydrogen-ac- 
cepting sites, so it can form preemptive hydrogen bonds with the hy- 
drogen-donating surface groups of montmorillonite, palygorskite, ka- 
olinite, and silica. Consequently, these hydrogen-donating groups cannot 
contact the erythrocyte membrane and hemolysis cannot occur. 


In contrast, erythrocytes incubated in sucrose underwent increased 
lysis (65% f 4, n = 4) when the HCm concentration of chrysotile was used. 
If the chrysotile-erythrocyte interaction is predominantly ionic, the in- 
teraction would be enhanced in a medium of relatively low dielectric 
constant such as sucrose, and this reaction is what was observed. 


A recent report indicated a correlation between hyperplastic changes 
in isolated hamster trachea segments and in uitro hemolysis of erythro- 
cytes by chrysotile asbestos and montmorillonite (22). Elucidation of the 
mechanism by which various silicate minerals interact with the eryth- 
rocyte membrane in uitro may lead to a better understanding of sili- 
cate-membrane interactions in uiuo. 
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Abst.ract The barrier properties of hairless mouse skin were examined 
by separating the skin into its component epidermal and dermal strata, 
using both mechanical and thermal techniques, and then assessing the 
permeability of each stratum to the homologous alkanols. The perme- 
ahility data, when compared to those obtained previously for full- 
thickness hairless mouse skin and to new data for the permeability of the 
alcohols through a perfect lipid membrane, allow assignment of dif- 
fusional resistances to the respective, anatomically distinguishable 
membrane strata. It was found that the principal barrier for the lower 
alkanols is the epidermis, which contains the stratum corneum. The ef- 
fective aqueous tissue resistances of the cellular and aqueous strata of 
full skin, the epidermis, and the dermis were estimated using sectioned 
skins. This resistance was much greater than that of an equivalent 
thickness of water. These data and methods represent a novel approach 
in the permeation analysis ofa  biological tissue and offer a means ofes- 
timating the effects of skin damage on percutaneous absorption. 


Keyphrases Permeability-n-alkanols through hairless mouse skin 
strata separated by thermal and stripping techniques Alcohols, nor- 
mal-permeation through hairless mouse skin strata separated by 
thermal and stripping techniques 0 Skin separation techniques-sep- 
aration of hairless mouse skin strata by thermal and stripping techniques, 
permeability of n-alkanols through separated strata 


The skins of mammals differ widely in appearance and 
function (1). Even the skins of animals without prominent, 
terminal hair vary greatly, but all have a more fully de- 
veloped epidermis with a significant outer horny or cor- 
nified layer, which functions protectively in the absence 
of hair. Human and hairless mouse integuments are two 
examples of such skins. 


Cornified epithelia are unusually impermeable to both 
inorganic and organic chemicals (2-4). This feature of 
human skin limits the topical use of drugs but, at  the same 
time, protects the body from inadvertently encountered 
toxins in the environment and in products of everyday use. 
Clearly, the delineation of barrier features and the con- 
struction of predictive models are important steps in de- 
fining topical usefulness and the risk of chemicals. 


Ideally, models should be so refined that quantitative 
a priori estimates of percutaneous absorption rates based 
on chemical structure are possible. Some beginnings have 
been made in this regard (5-7), but it still is not possible 
to predict the permeability of a new compound unless it 
is related congenerically to previously studied chemicals. 
Furthermore, the influences of injury and disease are 
poorly documented. Laboratory means of assessing the 
effects of trauma have yet to be developed. 


The purpose of the present study was to assess the 
permeabilities of hairless mouse skin strata, isolated by 
thermal and stripping techniques. Water and homologous 
alkanols were chosen as the permeants. By defining the 
diffusional resistances of each layer, especially the stratum 
corneum, as a function of the alkyl chain length, it should 
be possible to learn generally how systemic absorption as 


a result of stratum corneum impairment is related to the 
chemical structure of permeants. Gross similarities in 
permeability properties between hairless mouse skin and 
human skin make the insights relevant to humans. In this 
sense, the techniques developed may prove to be useful as 
laboratory methods for defining maximum absorption 
potentials and, therefore, maximum systemic toxicities of 
topically applied chemicals and drugs. 


EXPERIMENTAL 


The present study represents a continuation of research on alkanol 
permeation of hairless mouse skin, for which experimental methods were 
described ( 5 ) .  The description of the experimentation details only de- 
partures from previous methods. Chemical sources, diffusion cell design 
and operation, and partitioning techniques also were the same as those 
reported previously ( 5 ) .  


The abdominal skins of hairless mice (HRS/J strain), 4-6 weeks old, 
were excised and used essentially upon receipt. The skin either was used 
intact or was separated into its respective strata by one of the following 
methods. 


1. Heat treatment-The skin was separated along the epidermal- 
dermal junction after the abdominal surface of an anesthetized (meth- 
oxyflurane') mouse was heated for 30 sec with a stream of 60" water. The 
animals were sacrificed, and the heat-treated skin was excised intact and 
separated carefully into the epidermis and dermis by raising the epi- 
dermal layer with the sharp end of a nickel spatula. Each stratum then 
was placed in a separate diffusion cell. The heat-separated epidermis was 
laid gently on the surface of normal saline solution to flatten and smooth 
it. This step caused the layer to unwrinkle spontaneously so that it could 
be lifted and placed between the cell halves if handled carefully. 


2. Stripping technique-The hairless mouse skin was stripped re- 
peatedly with cellophane tape2. The tape was placed firmly against the 
abdominal surface of an anesthetized mouse and then peeled away. This 
procedure was done in multiples of five strippings for up to 15 strippings 
and was carried out 25 times on some skins. The skin became more and 
more an oozing surface with each succeeding maneuver. After processing 
the skin, the animal was sacrificed and the skin was excised and mounted 
in the diffusional apparatus. The processing of the mouse skin is illus- 
trated schematically in Fig. 1. 


After positioning of the membrane in the diffusion cell, the apparatus 
was immersed in a 37' bath, the cell compartments were rinsed with 
normal saline, and the runs were conducted a t  150 rpm (2). T o  assess 
boundary layer influences, polydimethylsiloxane membranes3 were used 
since they provide a simple, hydrophobic membrane without internal 
aqueous resistance. Therefore, departure from membrane-controlled 
transport could be assigned totally to hydrodynamic layers a t  the mem- 
brane interfaces with the compartmental solutions (8,9). The preparation 
of the diffusion cell after insertion of the rubber membrane was identical 
to that used for the skin membranes. 


The permeation process, irrespective of the membrane, was tracked 
using radiolabeled alcohols. The permeability coefficient for each run 
was calculated from the pseudo-steady-state portion of the receptor 
compartment concentration uersus time profile using ( 5 ) :  


' Metophase, Pitman-Moore, Washington Crossing, NJ085fiO. 
Scotch Brand. 3M Co., Minneapolis, Minn. 
Silmtic medical grade sheeting, 0.05 cm, Dow Corning Corp., Midland, Mich 
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Figure 1-Schematic diagram of the skin indicating the consequences 
of the various fractionation techniques on the processed membrane 
compositions. This diagram represents the structure of the mouse skin 
hosed on gross visual examination, on its physicochemical behavior as 
seen in permeability experiments, and on traverse histological sections 
vieuied under the light microscope. Residuals of hair follicles seen in 
traverse sections are not represented. 


where VR is the receiver volume, dCldt is the steady-state rate of change 
in the receiver concentration (counts per minute), A is the exposed 
cross-sectional area of the membrane, and AC is the concentration 
(counts) differential between compartments. The value of AC effectively 
is the donor concentration (counts) since the buildup of material in the 
receiver was never allowed to become a significant fraction of that in the 
donor compartment. Except as indicated, the data represent single de- 
terminations. 


Some partitioning work also was done on both processed skins and the 
synthetic membrane. Procedural details and the method of calculation 
were presented previously (5). 


RESULTS AND DISCUSSION 


The data for partitioning of the alcohols into full-thickness hairless 
mouse skin, hairless mouse epidermis, and the polydimethylsiloxane 
membrane from saline solution4 are summarized in Table I. The full- 
thickness skin and silicone rubber membrane data are presented in Fig. 
2, where the partition coefficients are plotted semilogarithmically against 
the alkyl chain length. Polydimethylsiloxane partitioning followed an 
exponential trend through the entire series, while the partitioning de- 
pendency for the tissue was biphasic. The silicone rubber dependency 
followed the form: 


log K ,  = log KO + Kn (Eq. 2) 


where K ,  is the partition coefficient of the homolog of chain length n,  
log K O  is the intercept of the plot on the y-axis corresponding to the 
partitioning of the hypothetical zero chain length homolog, and K is the 
incremental increase in the logarithm of the partition coefficient per 
methylene unit. The least-squares values for these parameters are K = 
0.417 and KO = 0.029, with a correlation coefficient of 0.998. The trend 
predicted by Eq. 2 is the expected behavior for alkyl homologs (10-13), 


Sodium Chloride Irrigation (0.9%), Abhott Laboratories, North Chicago, 1L 
60064. 


Table I-Partitioning * of the Alkanols between 0.9% Saline and 
Full-Thickness Skin, Epidermis, and  Silicone Rubber  


Alkanol 


Methanol 
Ethanol 
n-Propanol 
n -Butanol 
n-Pentanol 
n-Hexanol 
n-Heptanol 
n -0ctanol 
n -Nonanol 
n-Decanol 


Full- Heat- 
Thickness Separated 


Skina Epidermisa 


5.5 - 
5.4 4.5 
6.0 4.4 
6.6 5.3 
7.7 5.1 


10.7 14.0 
24.0 - 24.1 
40.8 68.5 
86.7 118 
- - 


Polydimethyl- 
siloxaneaa* 


0.064 
0.256 
0.612 
1.18 
2.85 


11.0 
23.0 
57.7 


194 
412 


The data are in grams per cubic centimeter. For silicone rubber, the K values 
can be considered as unitless since the density of commercial polydimethylsiloxane 
is close to unity. The slope of these data on a log K uersus alkyl chain length plot 
is 0.417 ( r  = 0.998). 


but the magnitude of the slope (K value) is less than that found previously 
for partitioning between si1icor.e rubber and water for a different ho- 
mologous series, the alkyl p-aminobenzoates (0.54) (8). Based on work 
to be reported separately, this difference in estimates of K appears to be 
related largely to differences in intermolecular interactions in the poly- 
meric phase. 


The partitioning data for the epidermis indicate that it is a two or more 
phase structure physicochemically, with lower alcohols exhibiting no alkyl 
chain length dependency but with higher homologs evidencing a marked, 
exponential acclivity. The same behavior was observed with the full- 
thickness skin. The preliminary indications are that the polar compounds 
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Figure 2-Semilog plot of membrane-saline partition coefficients 
against alkyl chain length for polydimethylsiloxane (0) and for full- 
thickness skin (A). The K value (slope) for silicone rubber is 0.41 7. The 
data for the skin are biphasic with a terminal acclivity (Cfi-Cs) of 
0.296. 
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Table 11-Permeability Data for Commercial 
Polsdimethslsiloxane Membranes a at 37' 


Alkanol P,, x 109,cm/hr D, X lo6, cm2/sec 


Methanol 6.8 1.49 
Ethanol 33.5 - 
n-Propanol 28.8 0.66 
n-Butanol 56.6 0.68 
n -Pentand 123.2 0.61 
n-Hexanol 301 0.39 
n-Heptanol 339b - 
n -0ctanol 335b - 
n-Nonanol 303 - 
n -Decanol 315b - 


Silastic medical grade sheeting, Dow Corning, Midland, Mich. b These data 
are apparent values affected by membrane retention of the alkanols in the quasi- 
steady state and deviate significantly from expected values for a true steady 
state. 


concentrate in the aqueous compartments of the tissue but that  the 
nonpolar regions become the principal areas of accumulation as the 
compounds become more hydrophobic. The similarity between epidermal 
and full-thickness skin values likely means that the consequential non- 
polar phase is common to both tissues. 


Permeability coefficients for polydimethylsiloxane membranes are 
presented in Table 11. These values evidence an exponential increase up 
to a chain length of about seven and then level off a t  a permeability 
coefficient of slightly over 0.3 cm/hr. Neglecting ethanol, which for rea- 
sons unknown does not conform to the trend5, the exponential depen- 
dency of the c1-C~ data yields a value of 0.326 for A ( P  = 0.999), which 
is somewhat less than the partitioning A value. This difference in the A 
value is not entirely unexpected since the permeability coefficient under 
membrane control is dependent on diffusivity as well as on the partition 
coefficient. The diffusion coefficient values for the homologs in the sili- 
cone rubber matrix decrease with increasing molecular size, which would 
impact on the A constant evaluated from permeabilities in the observed 
fashion. Diffusivities (D,) are listed in Table I1 for methanol through 
n-hexanol, except for ethanol. These valves were calculated from the 
following relationship, which assumes that the membrane is the rate- 
controlling barrier acting as an isotropic phase: 


PnhM Dn=- 
3600K,, (Eq. 3) 


where D,, P,,, and K, designate the diffusivity in square centimeters per 
second, the permeability coefficient in centimeters per hour, and the 
partition coefficient of the nth chain length compound, respectively, and 
hM is the thickness of the membrane. The factor 3600 converts the dif- 
fusion coefficient to the more conventional units of reciprocal seconds. 
Since the density of silicone rubber is close to one, little error is introduced 
in using the partition coefficients as reported, that  is, in units of grams 
per cubic centimeter. The magnitudes of the polydimethylsiloxane dif- 
fusivities reported, 


The plateau in the permeation of polydimethylsiloxane past hexanol 
a t  first suggests the onset of boundary layer control. However, the ef- 
fective boundary layer thickness based on an aqueous diffusivity for the 
alkanols a t  37O of 1 X cm2/sec and a permeability coefficient of - 0 . 3  
cm/hr is 1200 pm, which seems to be unreasonably large by a factor of 
three to four. Examination of the donor compartment depletion side by 
side with the receiver accumulation revealed that, above a chain length 
of six, only fractional amounts of the material entering the membrane 
were exiting from the other side in the pseudo-steady state. 


Application of the pseudo-steady-state procedure to obtain funda- 
mental permeation constants is based on the assumption of insignificant 
membrane retention of the diffusing compound during the experiments 
(12,14). This condition is not achieved above a chain length of six in the 
polydimethylsiloxane studies due to the exponentially increasing 
membrane-water partition coefficient and the small volumes (1.5 ml) 
of the cell compartments. The capacity of the membrane for octanol 
relative to the aqueous phases, which is the product of its partition 
coefficient (57.7) and the membrane volume (0.0508-cm thickness times 
an area of -0.7 cm2 N 0.035 cm3), is 2.0 ml, which is greater than the ca- 
pacity of one of the aqueous compartments; thus, significant percentages 


cm2/sec, are entirely reasonable. 


This data piint was repeated several times and always gave the same apparently 
hixh result. However, in later studies by C. R. Rehl usin# a different lot 0 1  radiula- 
heled ethanol, a value of 16 was obtained, which is more consistent with the overall 
trend 


1 2 3 4 5 6 
HOURS 


Figure 3-Experimental data from the exchange procedure for n-oc- 
tanol permeating the polydimethylsiloxane membrane a t  37'. The plot 
is expressed in counts per minute a t  the beginning and end of each 
20-min interval (each pair connected with a line) for the donor phase 
and counts per minute in the receiver a t  the end of each interval. It is 
notable that it takes about 3 hr  (nine exchanges) before a steady state 
(plateau) is reached. 


of the higher alkanols (n 2 8) remain within the membrane. 
To estimate the permeability value for n-octanol validly and to de- 


termine the actual boundary layer effect, a procedure was developed that 
involved totally changing the donor and receiver cell Compartment con- 
tents a t  fixed sampling intervals of 20 min. The donor was replaced re- 
peatedly with a solution of the initial concentration, and the receiver was 
exchanged with fresh saline. This process was done in lieu of using very 
large compartmental volumes, which also would have neutralized the 
membrane retention influences, since the purpose was to assess the 
permeability coefficient under the same hydrodynamic conditions used 
for the lower alkanols. 


Data for the exchange procedure are displayed in Fig. 3. The amounts 
(counts) in the donor compartment a t  the beginning and end of each 
interval and the amounts (counts) in the receiver at each interval ter- 
mination are plotted against time. The bars on the upper set of data 
(donor data) join the data points for the front and back ends of a given 
interval. Both the upper and lower linked sets of points increase sys- 
tematically to an asymptotic value, but the gap narrows to -20,000 cpm. 


Table  111-Permeability Data for  Heat-Treated Skin 


Alkanol 


Methanol 
Ethanol 
n-Propanol 
n-Butanol 
n-Pentanol 
n -Hexanol 
n-Heptanol 
n-Octanol 
n-Nonanol 
n -Decanol 


P,, x 103, cm/hr 
Full- 


Full- Thickness" Heat- 
Thickness Skin, Heat Separateda 


Skin Treated Epidermis 


2.6 (0.46)h - 2.3 
4.8 (0.43) 3.91 4.7 
5.4 - 9.7 


14.6 (0.81) 16.2 16.8 
22.0 39.4 29.3 
48.0 (1.2) - 58.5 
92.9 157 113 
97.2d (2.4) 153d 180d 
88.8d 164d 24gd 
84.5d - 233d 


Heat- 
Separated" 


Dermis 


318 _ ~ _  
303 
289 
287 
285 
266' 
246 
204d 
93d 
90d 


These results are sin le determinations. b Standard deviations of multiple runs. 
Interpolated value. 'fhese data points may be affected by membrane retention 


and, therefore, represent apparent P values under the conditions of the experi- 
ment. 
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Table IV-Estimation of the Resistance of Hairless Mouse Skin 
Strata for the Lower Alkanols 


Total 
Resistancea, hr/cm Aqueous 


Alkanol Raq R,, R,t Rtotalb Resistancec, % 


Methanol 0.83 382 2.31 385 0.82 
Ethanol 0.83 205 2.47 208 1.6 
n-Propanol 0.83 182 2.63 185 1.9 
n-Butanol 0.83 65 2.65 68.5 5.1 
n-Pentanol 0.83 42 2.68 45.5 7.7 
n-Hexanol 0.83 17 2.93 20.8 18.1 


Generally, R = h/DK for an isotropic phase, where h is the thickness, D is the 
diffusion coefficient, and K is the partition coefficient with respect to the donor 
compartment solution. Total resistance = UP, = R,, + R, + R- + Raqil, where 
R. and R.,,, are the boundary layer resistances, R- is the viable tissue resistance, 
anXR,, is the resistance encountered in the stratum corneum. The individual re- 
sistances are obtained by difference. Total aqueous resistance is R., + Rd (sum 
of the boundary layer and viable tissue resistances). 


This plot indicates initial rapid membrane loading that tapers off ap- 
preciably with each succeeding interval. The receiver data demonstrate 
that little material diffuses across the membrane in the earliest intervals 
as the membrane gradient is formed; but as the membrane becomes 
loaded, the receiver accumulation in an interval also increases to a plateau 
of -20,000 cpm. 


When the amount leaving the donor compartment comes into coinci- 
dence with the amount entering the receiver, the process is effectively 
in a true steady state and the permeability coefficient can be calculated 
from either the donor or receiver data. This conclusion was reached both 
through computer-assisted analysis of a rigorous mathematical model 
written for the exchange procedure and through extensive additional 
experimentation, both of which were reported separately (15, 16). The 
permeability coefficient for octanol exceeds 1.0 cmhr  and is close to the 
extrapolation of the exponential trend seen for lower homologs, meaning 
that the permeation of octanol is substantially membrane controlled. 
Thus, in this diffusional system operated a t  a 150-rpm stirring rate, the 
aqueous boundary layers have a collective effective thickness of <350 
pm6. The thickness is estimated from the permeability coefficient and 
from the boundary layer control relationship: 


where DAQ is the aqueous diffusivity ( N 1 X cm2/sec) and Z ~ A Q  is 
the total thickness of the unstirred layers. In the following analysis, a 
boundary layer resistance of 0.83 cm/hr, equivalent to a thickness for the 
hydrodynamic layers of 300 pm, is assumed. Little error is introduced 
using this value, even if it is inexact, since it is small and a relatively in- 
significant fraction of the total aqueous resistance encountered in the 
skin membranes. 


Permeability coefficients obtained for the alkanols a t  37" for full- 
thickness skin, heat-separated epidermis and dermis, and full-thickness 
skin scalded for 30 sec at  60' but not fractionated are given in Table 111. 
These data also form the basis for Fig. 4, in which the log of the perme- 
ability coefficient is plotted against alkyl chain length. No extreme effect 
on permeability was produced by scalding 60' water applied to the skin 
for 30 sec, a treatment that was estimated to give a deep partial-thickness 
to full-thickness burn. When burned full-thickness skin data are com- 
pared with similar data on untreated skin, no more than a twofold in- 
crease in permeability is noted for any homolog; for ethanol and butanol, 
the values are not different within experimental uncertainty. 


When the heat-separated epidermal data are considered side by side 
with the full-thickness normal and burned skin data, a striking similarity 
in the permeabilities for the lower homologs (n < 8) is seen. In all of these 
cases, the stratum corneum is intact, and considering all of the data, it 
appears to be the principal source of diffusional resistance for the polar 
compounds. Data on the epidermis support the observation that scalding 
the skin as described has no profound effect, although somewhat higher 
permeability coefficients for the middle homologs consistently are noted. 
This observation is important since the heat-separation technique has 
been commonly used to prepare human skin membranes for diffusional 
studies (17-19). 


fi Based on extensive experimental work beyond that reported here, the diffusion 
layers appear to be -300 pm in total thickness (15, 16). 


Considering only the full-thickness skin and epidermis, it appears as 
if the removal of the thick dermal matrix leads to increased permeation 
rates a t  long alkyl chain lengths, which suggests that the dermis acts as 
an aqueous matrix. This conclusion is somewhat tenuous, because 
membrane retention was not factored out of these data. By actual mea- 
surement, the epidermis is only 40 pm thick, which minimizes such 
concern in its case. However, the total skin is about 10 times thicker and, 
therefore, amounts to a significant compartment for the higher parti- 
tioning, nonpolar homologs. The data are meaningful even with the 
membrane retention influence included since retention would be en- 
countered on topical application and thereby influence the quantities 
percutaneously absorbed. A further general conclusion is that the com- 
posite mouse tissue behaves almost identically to the excised skin of 
human, as evidenced in the collective studies of Scheuplein and associates 
(17-19). 


Comparison of the heat-separated dermis data with the data for normal 
skin reveals that the barrier is compromised severely when the epidermis 
is removed. Moreover, the extent of compromise is clearly dependent on 
the chemical structure, largely to the extent that the permeation is 
stratum corneum controlled in the intact skin. Thus, methanol passed 
through the dermis 120 times faster than through the whole skin, while 
the factor for pentanol was only -13. The risk of systemic toxicities 
arising from inadvertent or deliberate topical applications to broken skin 
is greatest with polar nonelectrolytes and salts with little capacity to 
breach the intact stratum corneum. Such factors should be generally 
evaluated for suspect agents that are to be applied to the skin (cosmetic, 
drug, and household product ingredients). 


Since the lower alcohol homologs are not extensively membrane bound, 
their permeability coefficients are not altered by retention and can be 
further quantitatively analyzed. The value of 0.318 cm/hr for methanol 
through heat-separated dermis translates to a total diffusional resistance 
of 3.14 hr/cm (a reciprocal relationship). By a previous estimate, no more 
than 0.83 hr/cm of this value is attributable to boundary layers, leaving 
at  least 2.31 hr/cm as the cffective aqueous tissue resistance contributed 
by the dermis7. The dermal thickness measured by a micrometer is 350 
pm, which is roughly equivalent to the thickness of the assumed boundary 
layers. Thus, centimeter for centimeter, the hairless mouse dermis is 
about three times more resistant to diffusion than water itself. 


The resistance of the full-thickness skin to methanol was 385 hr/cm, 
and the summed boundary layer and aqueous tissue resistances were <1% 
of the total resistance encountered when the skin was intact. Results 
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Figure 4-Semilog plot of permeability coefficients for heat-processed 
hairless mouse membranes and normal hairless mouse skin as a function 
of alkyl chain length. All  data were obtained a t  37'. 


Resistances in series are additive. 
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Table V-Permeability Coefficients (P X lo3, cm/hr  ”) of the 
Alkanols at 37” through Stripped Skin 


Number of Strippings 
Alkanol 5 10 15 25 


Methanol 
Ethanol 
n-Propanol 
n-Butanol 
n-Pentanol 
n-Hexanol 
n-Heptanol 
n -0ctanol 
n-Nonanol 
n-Decanol 


15.5 
14.1 
13.0 
31.0 
47.5 


181b 
123b 


- 
- 


- 


33.4 (38.2,28.6) 
32.1 (36.7,27.5) 
22.2 
52.6 (45.2,60.0) 
79.6 


- 
197 
126b 


- 


- 313 
- 219 
130 218 
157 215 
- 217 
- 209 
- 223 
210b 225b 
- 133 
- 12gb 


a Except when indicated for 10 times stripping, the results represent single de- 
terminations. b These data may be affected by membrane retention and, therefore, 
represent apparent P values under the conditions of the experiment. 


similarly obtained for other members of the homologous series are 
summarized in Table IV. The relative importance of the subepidermal 
layers rises rapidly with increasing alkyl chain length. 


Data for the permeation of stripped skin are presented in Table V and 
are shown graphically in Fig. 5, which is a plot of log P,, uersus alkyl chain 
length. The data are in full agreement with the previous analysis, with 
the following added features. As might be expected, as the stratum cor- 
neum was removed (thinned), the permeability coefficients of the lower 
homologs increased uniformly. However, the stripping apparently caused 
some pitting of the skin since the increases were disproportionate for 
methanol and ethanol. 


The lower plateau formed for five and 10 strippings is characteristic 
of an aqueous pore route (12). When the entire stratum corneum is re- 
moved8 (25 strippings), the profile appears to be qualitatively similar to 
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Figure 5-semilog plot of permeability coefficients /or stripped hairless 
mouse membranes and normal hairless mciuse skin as a function vialkyt 
chain length. All data were obtained at 97”. The skin was stripped 5, 
10, 1.5, and 2Fi times. 


Complete stripping was taken as the point where the surface became uniformly 
moist and glistening. The fact that this point represents essentially complete re- 
moval of the stratum corneum is indicated in the qualitative and quantitative 
parallels ti] heat-separated dermis. 


that for heat-separated dermis. However, permeability coefficients are 
-40% lower than those observed for heat-separated dermis. Several 
reasons can be advanced for this finding: incomplete removal of the 
stratum corneum so that the effective area for diffusion is somewhat re- 
duced; the innate resistance of the viable epidermal layer, which is present 
with stripped skin but which is not a part of the heat-separated dermis; 
and damage to the dermis resulting from the heat-separation techniques. 
These aspects are under current laboratory investigation. 


The present study further substantiates conclusions made previously 
(5) regarding a high degree of similarity between hairless mouse skin and 
human skin (17-19). Specifically, it is demonstrated that gross similarities 
seen histologically (20-22) translate to similarities in barrier properties. 
The cornified layer is the flux-determining feature for polar nonelec- 
trolytes, and it acts as a lipid fabric in that oil-water partitioning into i t  
is the principal determinant of the relative permeabilities of structurally 
similar compounds. When the stratum corneum is removed, the residual 
tissue offers little more than the resistance of a gelled aqueous phase to 
mass transfer, as was suggested by Scheuplein (18). 


This study also showed how estimates of the effect of skin damage on 
the permeability of compounds may be roughly assessed by carefully 
fractionating the hairless mouse integument and determining the ratio 
of permeability of intact to broken skin. The more hydrophobic a com- 
pound, the closer this ratio will be to one, and, by extrapolation of the 
significance of the observation, the intrinsically safer the compound will 
be when applied to an irritated, diseased, or otherwise damaged skin 
surface, providing it is safe to use on intact skin in the first place. 
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Selected Companies, may hold particular interest for the latter group. 
For other readers, the chapter is an u n n e c e d l y  lengthy digression from 
the theme. The book deserves library space and would be a useful addi- 
tion to a reading list for an introductory pharmacy course. 


Reviewed by H. John Baldwin 
Behavioral and Administrative Pharmacy 
School of Pharmacy 
West Virginia University 
Morgantown, WV26506 


Analytical Procedures for Therapeutic Drug Monitoring and 
Emergency Toxicology. By RANDALL C. BASELT. Biomedical 
Publications, P.O. Box 495, Davis, CA 95616.1980.316 pp. 18 X 26 cm. 
Price $35.00. 
It is a realistic world that we work in, but one that is governed by 


idealistic regulatory agencies. As this compilation of analytical methods 
points out, one can only generate the “numbers” with the available 
equipment afforded by his or her employer. For example, you cannot 
determine the blood level of phencyclidine by nitrogen-specific GLC if 
all you have available is a dual-beam spectrophotometer. On the other 
hand, you will never achieve the sensitivity needed for phencyclidine 
detection using a dual-beam spectrophotometer. Baselt is realistic in 
pointing out that not all laboratories are equally equipped and that one 
may have to sacrifice some accuracy for speed, depending on the situa- 
tion. 


The book presents alphabetically a series of potential quantitative 
methods for 84 drugs and some general screening procedures. The drugs 
and chemicals included are those generally encountered by the clinical 
chemist and analytical toxicologist. For example, GLC procedures are 
given for ibuprofen, ketamine, and methylphenidate. Three methods are 
given for the oral hypoglycemics. Blood levels in the therapeutic and toxic 
ranges are given for each drug. 


The introduction could have included some guidelines for the inter- 
pretation of the blood levels given for therapeutic, toxic, and lethal 
concentrations. Consideration must be given to whether these levels were 
obtained from human or animal data. Also, lethal levels may be those 
reported from only a single, isolated case or may represent a minimum 
lethal level. Consideration also must be given to any disease states or 
tolerance the person may have to a particular drug. 


In general, the book lacks any specific indications of the factors that 
affect blood drug levels. The book deserves consideration and will serve 
as a reference in any forensic or clinical laboratory. It is useful for new 
laboratories or for laboratories that are expanding the number of tests 
they perform. It also gives important information concerning the 
equipment and supplies necessary in establishing an analytical toxicology 
laboratory. 


The greatest utility of this book will be for analytical toxicologists, 
pathologists, and medical technologists in a large teaching hapital where 
emphasis is placed on therapeutic drug monitoring. 


Reviewed by Charles L. Winek 
Duquesne University 
Pittsburgh, PA 15219 


How to Write and Publish a Scientific Paper. By ROBERT A. DAY. 
IS1 Press, 325 Chestnut St., Philadelphia, PA 19106.1979.160 pp. Price 
$8.95. 
This valuable and witty book was written by a managing editor with 


25 years of experience. Until this year, he was managing editor for the 
journals published by the American Society for Microbiology. The first 
15 of the 26 chapters deal with the preparation of the different elements 
of a manuscript, beginning with a definition of a scientific paper and 
ending with where and how to submit the manuqcript. The next two 
chapters describe the review and publishing processes. Chapter 22 is on 
ethics, rights, and permissions. The next three chapters discuss the use 
and misuse of English. 


I recommend the book to authors and editors. If authors would learn 
its lessons, editors would return fewer manuscripts to be rewritten due 
to poor style. Perhaps editors should enclose a copy of the book with re- 
turned manuscripts! The book should be required reading for those who 
prepare internal documents in our institutions-academic, corporate, 
and governmental. 


The next edition should have a chapter on footnotes, one on the metric 
system, and one directed to the typist. Manuscripts are received with 
footnotes typed single spaced at the bottom of the page. Too many au- 
thors of documents do not know how to abbreviate the metric or English 
system of units. The appendix on accepted abbreviations in this book 
gives the abbreviations for cubic centimeter, gram, and liter but not for 
milliliter. Typists must receive on-the-job training in manuscript prep- 
aration; their schools do not teach them, nor apparently do their em- 
ployers. 


Reviewed by Frederick Kavanagh 
829 36th St., N .  W.  
Coruallis, OR 97330 
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Table 111-AUC. F,. and F, Values Obtained from Intraduodenal, IntraDortal. and Intravenous Administration in Rats a 


Route AUCid AUCipv AUCi, Intraduodenal/Intravenous Intraportal/Intravenous Fg Fi 


First-order infusion* 9.0 f 1.2 15.0 f 1.1 - 0.129 0.215 0.399 0.785 
Bolus 10.8 f 2.0 13.0 & 2.9 69.6 f 6.4 0.155 0.186 0.169 0.814 


a The ethinyl estradiol dose was 3.5 +g/kg (lOOpCi/kg), and the AUC values are expressed in nanogram minutes per milliliter from zero time to infinity and are the 
mean f SE (n = 3). K = 1.2 hr-1, t1 /2  = 0.58 hr. 


From Eq. 2 
AUCi , 
AUCiv 


FL=l-- (Eq. 4) 


Substitution of Eqs. 2 and 4 into Eq. 3 yields: 


Table 111 shows the AUC, Fg, and Fi values obtained from intraduo- 
denal, intraportal, and intravenous administration of ethinyl estradiol 
in rats at a dose of 3.5 pg/kg. The results indicate that 40% of the drug 
was metabolized by the gut wall (F,) and that 79% of the drug in the 
portal blood was metabolized by the liver (Pi) before reaching the sys- 
temic circulation after first-order infusion. The Fi value after bolus ad- 
ministration was almost the same as that after first-order infusion, 
whereas the F, value was significantly different. The difference could 
be due to the saturation of the metabolizing enzyme in the gut wall after 
bolus intraduodenal administration. 


The results of this study indicate that, in the rat, the oral contraceptive 
steroid, ethinyl estradiol, is extensively metabolized in both the gut wall 
and the liver. In view of this finding, differences between the predicted 
and observed availability after oral administration of the drug to  dogs 
also may be due to metabolism of the drug in the gut wall. 


To compare the Fg and the Fi values in rats with those in dogs, the Fg 
and Fi values in dogs were estimated by: 


Fi = 1 - (predicted bioavailability) (Eq. 6) 
(observed bioavailability) 


F g = l -  (Eq. 7) (predicted bioavailability) 


The Fl value in dogs wav 0.78, which was close to that found in rats 
(0.7W.81). The Fg value in dogs was 0.66, which was significantly greater 
than that found in rats (0.17 from a bolus administration and 0.40 from 
a first-order infusion). 


The difference in the Fg value between the two animal species may be 
due to factors such as stomach emptying, rate of absorption, and the 
amount of enzymes in the GI tract. 
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Abstract The biotransformation of (+)-, (-)-, and (*)-a-pinenes, 
(-)-/?-pinene (nopinene), (-)-cis-pinane, (+)-3-carene, (-)-cis-carane, 
myrcene, and p-cymene in rabbits was investigated. The major metab- 
olites were as follows: (-)-trans-verbenol from (+)-, (-)-, and (&I-  
a-pinenes; (-)-10-pinanol and (-)-l-p-menthene-7,8-diol from (-)- 
/?-pinene; (-)-a-terpineol and (-)-trans-sobrerol from (-)Aspinane; 
(-)-m-rnentha-4,6-dien-8-01, 3-caren-9-01, (-)-3-carene-9-carboxylic 
acid, and 3-carene-9,10-dicarboxylic acid from (+)-3-carene; carane- 
9,lO-dicarboxylic acid from (-)-cis-carane; and myrcene-3(10)-glycol, 
myrcene-1,2-glycol, uroterpenol, and p-cymene-9-carboxylic acid from 
p-cymene. These metabolisms include allylic oxidation, epoxidation, 
stereoselective gem-dimethyl hydroxylation and its oxidation, cleavage 
of a conjugated double bond by epoxidation, and regioselective oxidation, 


some of which are not found usually in chemical reactions, and due to 
which various new compounds were determined. This biotransformation 
of the monoterpene hydrocarbons gave some insect pheromones in high 
yield. 


Keyphrases 0 Biotransformation-neutral and acidic metabolites of 
a-pinene, P-pinene, pinane, 3-carene, carane, myrcene, and p-cymene 
in rabbits 0 Metabolites, neutral and acidic-biotransformation of 
a-pinene, /?-pinene, pinane, karene ,  carane, myrcene, and p-cymene 
in rabbits 0 Terpenoids-a-pinene, 8-pinene, pinane, 3-carene, carane, 
myrcene, and p-cymene, neutral and acidic metabolites, biotransfor- 
mation in rabbits 


In many countries, plants with mono-, di-, or sesqui- 
terpenoids are used as folk medicine. Medicinal plants with 
essential oils can be found in many pharmacopeias. The 


pharmaceutical activities of mono- and sesquiterpenoids 
were reviewed (11, and it was reported that turpentine oil 
containing a-pinene, P-pinene, 3-carene, and myrcene is 
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Table I-Orally Administered Monoterpene Hydrocarbons and  
Yields of Metabolites a 


Table 11-Optical Rotations and  Purit ies of Verbenols Obtained 
from Optically Active a-Pinenes 


Metabolite, g 
Administered Acidic as 


Compound Dose, g Neutral Methyl Ester 
~~ 


C (+)-a-Pinene 10.0 (560) * 0.318 - 


(4)-a-Pinene 10.0 (560) 1.199 - 
(-) -P-Pinene 12.0 (670) 0.753 1.0 
(-)-cis-Pinane 18.0 (670) 1.040 0.35 
(+)-3-Carene 26.0 (670) 2.159 2.6 
(-)-cis- Carane 12.0 (670) 1.014 2.0 
Myrcene 19.0 (670) 4.00 0.8 
p-Cymene 2.0 (670Id 0.20 0.20 


(-)-a-Pinene 8.0 (440) 1.423 3.0 
C 


Six male rabbits were administered one dose (<12 g/six rabbits) or repeated 
doses (>12 g/six rabbits). * The values in parentheses mean the maximum dose 
in milligrams per kilogram in each case. Only one rabbit was 
used. 


Not measured. 


irritating to the skin, is used as a rubefacient and a lini- 
ment, and has choleretic activity. Other monoterpenoids 
have expectorant (1,8-cineol, bornyl acetate, and phel- 
landrenes) or diuretic (diosphenol and terpinen-4-01 in 
juniper oil) properties. In addition, some sesquiterpenoids 
show anticancer, analeptic, antibiotic, and anthelmintic 
properties. 


Terpenoid biotransformation in mammals was studied 
on camphor (2,3), cedrol(4,5), patchoulol(6), limonene 
(7,8), a-pinene (9), /3-pinene (9), and 1,8-cineol(lO, 11). 
These biotransformation products gave enzymatically 
specific metabolites, that is, regioselective or stereoselec- 
tive hydroxylated, carboxylated, or reduced metabolites. 
It is expected that these metabolites become the starting 
materials in organic synthesis. Moreover, biotransforma- 
tion of terpenoids is expected to give a new method for 
optical separation of racemic isomers or to give biologically 
active substances such as pheromones, cosmetic fragran- 
ces, and food additives. It is also interesting to compare the 
metabolism of terpenoids in mammals with that in 
microorganisms with regard to enzymatic systems. 


During the investigation of structure-activity rela- 
tionships among metabolites and administered terpenoids 
in mammals (12,13), the metabolites of naturally occurring 
monoterpene hydrocarbons, (+I-, (-)-, and (f)-a-pinenes, 
(-)-P-pinene, (+)-3-carene, myrcene, and p-cymene were 
studied. Two saturated monoterpene hydrocarbons, 
(-)-cis-pinane and (-)-cis-carane, were also studied for 
comparison. 


EXPERIMENTAL' 


Administered Monoterpene Hydrocarbons-The administered 
monoterpene hydrocarbons are listed in Table I. 


A Shimadzu GC-6A gas chromatograph equipped with both a hydrogen 
flame-ionization detector and a thermal-conductivity detector was used. For the 
detection of neutral metabolites, the following conditions were used unless stated 
otherwise: a 0.26-mm X 2-m glass column packed with 5% OV-1 on Diasolid L (Scrso 
mesh) or 5% Thermon 1000 on Chromosorb W (80-100 mesh, AW-DMCS), an in- 
jection temperature of 250°, a column temperature of 100-250°, a pro ram rate 
of 10°/min, a detector temperature of 250°, and nitrogen gas a t  40 mlymin. For 
preparative purposes, the same size glass column of 5% Thermon 1000 was used 
under the same conditions. GLC-mass spectrometric analyses were performed at  
70 ev using a 2-mm X 3-m column packed with OV-1 or OV-17 (5%) with temper- 
ature programmed at  50-250' a t  5O/min and helium at  30 ml/min on a Shimadzu 
LKB 9000B. TLC plates of silica gel 60 (0.25 cm) F-254 were used, and the spots 
were observed by UV light (254 nm), 50% HzS04 or iodine vapor. The 1H-NMR 
spectra were recorded with Hitachi R-22 (90 MHz) and Varian T-60 (60 MHz) 
spectrometers. The 13C-NMR spectra were conducted on a Hitachi R-42 FTspec- 
trometer. IR spectra were obtained with a Hitachi 215 spectrophotometer, and UV 
spectra were recorded on a Shimadzu US 200s spectrophotometer. The solvents 
used for spectral determinations were tetramethylsilane-deuterochloroform 
('H-NMR of 90 and 60 MHz and '3C-NMR of 90 MHz) and chloroform ([.ID and 
IR) unless stated otherwise. 


[ a ] ~  of Administered 
a-Pinenes 


Verbenols as Metabolites 
laln Purity", % 
~ ~~ 


+22.0' f O O  67.2 
-30.9' -31.2" 98.9 
f0.00 -11.3' 67.5 


0 The purities were obtained from the GLC of the neutral metabolites. 


Animals and Dosing-Six male albino rabbits2 (2-3 kg) were starved 
for 2 days before the experiment. Monoterpene hydrocarbons were sus- 
pended in water (100 ml) containing polysorbate 80' (0.1 g) and were 
homogenized well. This solution (20 ml) was administered to each rabbit 
through a stomach tube followed by water (20 ml). This dose of mono- 
terpene corresponds to 400-700 mg/kg. The animals were housed in in- 
dividual stainless steel metabolism cages and were allowed rabbit food4 
and water a d  libitum The urine was collected daily for 3 days after drug 
administration and stored a t  0-5' until time of analysis. 


Extraction and Fractionation of Urinary Metabolites-The urine 
was centrifuged to remove feces5 and hairs at O', and the supernate was 
used for the experiments. The urine was adjusted to pH 4.76 with acetate 
buffer and incubated with 0-glucuronidase-arylsulfatase (3 m1/1000 ml 
of the fresh urine) at 37' for 48 hr, followed by continuous ether extrac- 
tion for 48 hr. The ether extracts were washed with 5% NaHC03 and 5% 
NaOH to remove the acidic and phenolic fractions, respectively, and dried 
(magnesium sulfate). Ether was evaporated under reduced pressure to 
give neutral metabolites. The yields are shown in Table I. 


The neutral metabolites were chromatographed on a column containing 
100 g of silicic acid (200 mesh). Elution was started with n-hexane, and 
n-hexane-ethyl acetate mixtures (955, 90:10,85:15,70:30, and 5050) were 
used as subsequent eluents. The acidic metabolites were recovered from 
the sodium bicarbonate layer by acidification with 5% HCI, followed by 
ether extraction. The ether extracts were esterified with diazomethane 
in ether or with dimethyl sulfate in the presence of potassium carbonate 
in anhydrous acetone. These esters of the acidic metabolites also were 
chromatographed in the same manner as the neutral metabolites. 


Determination a n d  Identification of Urinary Metabolites- 
Purification by silicic acid gave pure metabolites. When necessary, me- 
tabolites were isolated by preparative TLC or GLC. Structure determi- 
nation or identification was based on spectral data and chemical trans- 
formations. 


RESULTS 


Metabolites of (+)-, (-)-, and (i)-a-Pinenes-From each 0-pinene, 
the same three metabolites were identified as follows. 


Verbenol and Myrtenol-IR and 'H-NMR spectra of the main urinary 
metabolites of (-)-a-pinene (I)  agreed well with those of (-)-trans- 
verbenol (II), with a 98.9% purity from the GLC peak area of the neutral 
metabolite (15). All spectral data of the acetylation and oxidation 
products of this main metabolite also agreed with those of (-)-trans- 
verbenyl acetate and (-)-verbenone, respectively. The yields (purities 
by GLC) and the optical rotations of the verbenols obtained from (+)-, 
(-)-, and (f)-a-pinenes are listed in Table 11. The minor urinary me- 
tabolites of each a-pinene were identified as myrtenol(II1) by comparison 
of Rt (GLC) and R/ (TLC) values with those of an authentic sample 
prepared from (-)-a-pinene. The yields of 111 were 14.9,0.9, and 9.3% 
by GLC from (+I-, (-)-, and (*)-a-pinenes, respectively. 


Myrtenic Acid (ZV) as Methyl Ester-As the acidic metabolite from 
(+I-,  (-)-, and (f)-a-pinenes, methyl myrtenate ( I V Q ) ~  was isolated in 
each case; mass spectrum: m/z (%) 180 (M+, CllH1&,6), 165 (161,137 
(75), 105 (base), and 93 (81); 'H-NMRs (90 MHz): 6 6.80 (m, lH), 3.71 
(s ,  3H), 1.33 ( s ,  3H), and 0.80 ( s ,  3H) (16). 


Metabolites of (-)-&Pinene-Four neutral and one acidic metab- 
olites were isolated from (-)-P-pinene (V). 


Japanese White, Miyamoto Jikken Dobutsu, Hiroshima, Japan. 
Tween 80. 
Oriental RC-4. 


The pH value for enzymatic hydrolysis by 19-glucuronidase was variously re- 
ported. In this experiment, pH 4.7 was adopted following the method of LUU Bang 
et al. (4). More recently, pH 6.0 was recommended for the hydrolysis by p-glucu- 
ronidase (14). 


* m = multiplet, s = singlet, d = doublet, t = triplet, q = quartet, ss = sharp 


6 In this experiment, feces were not analyzed. 


Compound IVa is the methyl ester of IV in Scheme I. 


singlet, bs = broad singlet, and b = broad. 


Journal of Pharmaceutical Sciences I 407 
Vol. 70, No. 4, Aprit 1981 







I U OH 


I - H  


5-H 


8-H 


3 - H  


2-t i  
2-H 
9,lO-ti 


7-1.1 


I 
0.1 0.2 0.3 0.4 0.5 


EUROPIUM REAGENT-SUBSTRATE, molar ratio 


Figure 1-lanthanide-induced shifts uith europium reagent in the 
'H-NMR spectrum of m-cymene-4,6-dien-8-01 (XXZII). 


(+)-trans-Pinocarueol (VI) (11 %)9-[(Y]D +28.2' (c, 1.42); mass 
spectrum: m/z (%) 134 (M+ - HzO, 37), 119 (38), 109 (38), 92 (base), 83 
(77), 70 (69), 55 (76), and 41 (50); IR: v 3580 and 3350 cm-'. These data 
compared well with the reported values of (+)-trans-pinocarveol(17). 
All spectral data of the derived pinocarvone [[(Y]D +28.6' (c, 0.35)] were 
coincident with literature values (18). 


(-)-trans-10-Pinanol (VII) (39%)-[a]~ -21.4' (c, 1.68); mass 
spectrum: m/z (70) 154 (M+, CloHlsO, 91, 139 (base), 121 (40),83 (85), 
64 (69). and 55 (33); IR v 3400 cm-'; 'H-NMR 6 3.47 (s ,  2H), 1.23 ( s ,  3H), 
and 0.88 (s, 3H). These spectral data revealed this alcohol to be (-)- 
trans-10-pinanol (VII) (19, 20). Its acetate showed IR: v 1720 cm-'; 
1H-NMR 6 4.10 (s, 2H), 2.12 ( s ,  3H), 1.26 ( s ,  3H), and 0.96 ( s ,  3H). 


(-)-I-p-Menthene-7,8-diol (VIII) (3o';o)-[N]D -33.3' (c, 0.83); mass 
spectrum: m/z (9%) 152 (M+ - H20,21), 137 (6), 121 (19), 109 (32),94 (261, 
93 (27), 79 (base), 59 (88), and 43 (32); IR: v 3650,3450,1365,1230,1035, 
and 910 cm-l; 1H-NMR 6 5.67 (bs, lH),  3.95 (2H, w1/2 = 3 Hz), and 1.20 
(s,6H). The derived monoacetate showed [a]D - 51.2' (c, 5.4); I R  u 3500, 
1720,1240,1020, and 920 cm-l; 'H-NMR 6 5.75 (bs, lH),  4.48 ( s ,  2H), 
2.08 (s, 3H), and 1.20 (s, 6H). Furthermore, the derived aldehyde of IX 
showed [(WID -65.4' (c, 0.46); 'H-NMR: 6 11.10 ( s ,  lH) ,  6.75 ( s ,  lH),  and 
1.27 (s, 6H). The spectral data established this metabolite to be VIII, 
which was prepared by Sat0 (21). 


(-)-a-Terpineol (IX) (5%-[(Y]D -51.0' (c, 1.57); mass spectrum: 
m/z (%) 154 (not appeared, M+), 136 (C10H16, M+ - HzO, 301,121 (331, 
107 (5),93 (50), 81 (36), 79 (17), 68 (19), 67 (20), and 59 (base); IR: v 3400 
cm-'; 1H-NMR: 6 5.43 (bs, lH),  1.67 (bs, 3H), and 1.22 (s,6H) (22). 


As an acidic metabolite of (-)-@-pinene, myrtenic acid (IV) was 
identified by GLC-mass spectrometry as its methyl ester. 


Metabolites of (-)-cis-Pinane-In (-)-cis-pinane (XI, three neutral 
compounds were isolated as alcohols and four as derivatives. No acidic 
metabolites were identified from GLC-mass spectrometry. 


(-)-a-Terpineol (IX) (43%)-[(Y]D -46.3' (c, 1.77); mass spec- 
trometry, IR and 'H-NMR spectra, and [a]D agreed well with those of 
(-)-a-terpineol biotransformed from (-)-@-pinene. 


(-)-trans-Sobrerol (XIV) (6%)-[a]~ -68.8' (c, 0.8); mass spectrum: 
m/z (%) 152 (M+ - H20, C1OHI60, 71,137 (11),119 (181,109 (base), 94 
(69), and 79 (93); I R  v 3300,1460,1440,1380,1175,1150,1030, and 905 
cm-1; 1H-NMR (90 MHz): 6 5.27 (bs, lH),  3.93 [m, lH,  CH(OH)], 1.66 
(s,3H), 1.27 (s,3H), and 1.21 (s, 3H). The signal a t  6 3.93 was replaced 
by deuterium oxide. These spectral data were easily assigned to XIV. 


trans-Carueol (XV)-Mass spectrum: m/z (%) 152 (M', C10H160,1), 


The value in the parentheses means the relative ratio of identified metabolites 
in the chromatogram of the neutral portions. The ratio of acidic metabolites in GLC 
cannot be given because the acidic fraction contained many acidic and phenolic 
metabolites originating from normal urine of rabbits. 


134 (M+ - HzO, 32), 119 (base), 105 ( l l ) ,  91 (77), 77 (20), and 65 (12) 
(23). 


In addition to IX, XIV, and XV, one fraction that was difficult to iso- 
late was oxidized with Jones reagent. The preparative GLC of the oxi- 
dation products resulted in the isolation of four compounds, (-)-3-pi- 
nanone, (-)-4-pinanone, verbenone, and a lactonic compound, which 
were not found among the original metabolites. 


(-)-3-kkanone-[a]D -5.42' (c. 2.02); mass spectrum: m/z (%) 152 
(M+, C10H160,19), 110 (18),95 (48), 83 (96), 69 (base), and 55 (92); I R  
v 1705 cm-'; 'H-NMR 6 1.32 (s,3H), 1.21 (d, 3H, J = 7 Hz), and 0.89 (s ,  
3H) (24). 


(-)-4-Pinanone-[a]~ -27.9' (c, 1.67); mass spectrum: m/z,(%) 152 
(M+, C10H16O112), 137 (141,109 (32),95 (64), and 83 (base); IR: v 1705 
cm-'; 'H-NMR 6 1.33 (s ,  3H), 1.15 (d, 3 H , J  = 6.5 Hz), and 1.00 ( s ,  3H) 
(24). 


Verbenone-Mass spectrum: m/z (%) 150 (M+, 43); IR: v 1685 and 1622 
cm-'; 'H-NMR 6 5.72 (m, lH), 2.02 (m, 3H), 1.52 (s,  3H), and 1.03 ( s ,  3H) 
(15). 


The three alcohols, 3-pinanol (XI), 4-pinanol (XII), and verbenol 
(XIII), were recognized as neutral metabolites from (-)-cis-pinane. The 
lactonic compound (XVI) gave the following spectra: mass spectrum: m/z 
(%) 184 (M+, C10H1603, trace), 169 (M+ - CH3, 31,166 (M+ - 18,19), 151 
( l l ) ,  127 (Il) ,  123 (81,111 (27), 98 (35), 83 ( l l ) ,  82 (15),81 (7), 69 (9),68 
(lo), 55 (17), and 43 (base); IR: v 1765,1720,1380, and 1360 cm-'; 'H- 
NMR (90 MHz): 6 2.43 (q, 4H, J = 14 and 8 Hz, A&), 2.16 (4H). 1.46 
(s,3H), and 1.28 ( s ,  3H). These spectral data suggest the presence of a 
y-lactone having a gem-dimethyl group. The comparison of these data 
with the authentic spectra of homoterpenyl methyl ketone (XVI) showed 
good agreement (25,26). This lactone might be derived by Jones oxidation 
from a-terpineol or sobrerol. 


Neutral Metabolites of (+)-3-Carene-In (+)-3-carene (XVII), two 
neutral compounds were isolated, one of which is a new compound. In 
addition, a third neutral metabolite was identified by comparison with 
an authentic sample as a front shoulder in the GLC of the main neutral 
metabolite. 


(-)-m-Mentha-4,6-dien-8-01 (XXIII) (71.8A)-The IR spectrum 
of the main metabolite showed the same pattern in 1660 and 1598 cm-I 
as occidentalol having a cis-conjugated diene in the six-membered ring. 
Other spectral data agreed with those of XXIII, [ a ] ~  -116.1' (c, 1.08); 
mass spectrum: m/z (W) 152 (M+, C10H160, l) ,  134 (M+ - H20,40), 119 
(base), and 91 (71); IR (liquid film): v 3400,3050,1720, 1660, and 1598 
cm-'; 'H-NMR (90 MHz): 6 5.83-5.67 (total 3H), 1.80 (s ,  3H), and 1.22 
(ss, 6H). A lanthanide-induced shift was also studied to confirm this 
structure (Fig. 1). 


The following three derivatives of XXIII also gave the same spectral 
data as the reported ones (27): 


1. 3,5-Dinitrobenzoate. The dienol (XXIII) (36.2 mg) and 3,5-dini- 
trobenzoyl chloride (85.6 mg) were dissolved in pyridine (1.0 ml) and 
allowed to stand overnight a t  5'. The reaction mixture was treated in the 
usual manner, and 3,5-dinitrobenzoate (84.5 mg) was obtained [(WID 
-25.6' (c, 2.03); IR (liquid film): v 3100, 1720, 1622, 1600, and 1540 
cm-1. 


2. Maleic anhydride adduct. The dienol (XXIII) (61.6 mg) and maleic 
anhydride (40.4 mg) were dissolved in anhydrous benzene (10 ml), and 
the reaction mixture was refluxed at  90" for 1.5 hr. The product was ob- 
tained from the neutral fraction (51.7 mg), mp 142', [ a ] ~  -63.3' (c, 2.10); 
IR  v 3100,1845,1775,1370,1260,1050,880, and 860 cm-'. 


3. Acetate. IR (liquid film): v 1720 and 1240 cm-'. 
m-Cymen-8-01 (XXIV)-A front shoulder was included in the GLC 


peak of XXIII, and one set of unshifted protons was observed in the field 
of aromatic protonsin the lanthanide-induced shift experiment of XXIII. 
On the other hand, 3-carene (XVII) was oxidized according to the method 
of Dauben et al. (28), and XXIV was obtained as one product. The 
comparison of 'H-NMR data and the GLC retention time indicated the 
shoulder to be XXIV; mass spectrum: m/z (%) 150 (M+, C10H140, l), 135 
(lo), 132 (98), 117 (base), 115 (47),92 (53), 91 (75), 77 (161, and 65 (30); 
lH-NMR: 6 7.40-6.85 (total 4H), 2.35 (s,3H), and 1.55 (s,6H) (29). 


3-Caren-9-01 (XVIII) (10.5%,)-Mass spectrum of the secondary 
major neutral metabolite of 3-carene showed the molecular ion of 
CloHl6O a t  m/z 152, and its IR spectrum showed a hydroxyl absorption 
at  3350 cm-1. The 1H-NMR spectrum showed the hydroxymethylene 
protons a t  3.33 and an allylic methyl group a t  1.62 ppm. These results 
indicate that one gem- dimethyl group was hydroxylated. This alcohol 
was easily changed to its acetate with acetic anhydride in pyridine, and 
it was clear that this alcohol was a primary one. 


The determination of which methyl group was metabolized was based 
on the comparison of the 'H-NMR signals of thegem-dimethyl groups 
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Table 111-Chemical Shifts (in Hertz) of Methyl Protons of 3- 
Carene and 3-Caren-9-01 


8.0'-  


~~ 


3-Carene (30) 3-Caren-9-01 Difference" 


\ '&:H3 


/ g-cozcna 


H 


H 


C-8 methyl 48 52.8 4.8 
C-9 methyl 64 - 11.2 


This value means the difference of the chemical shift (in Hertz) of methyl 
protons between these two compounds. 


with those of 3-carene (Table 111). In this table, the signal at  52.8 Hz can 
be reasonably assigned as the C-8 methyl group on the basis of the small 
difference (4.8 Hz) from the C-8 methyl group of 3-carene (30). As the 
result, this metabolite was determined to be XVIII, [(Y]D -17.9' (c, 0.6); 
mass spectrum: rn/z (%) 152 (M+, C10H160,2), 134 (M+ - H20,18), 121 
(25), 119 (38), 108 (21), 105 (24), 93 (47), 91 (76), 78 (base), 77 (41), and 
67 (22); IR (liquid film): Y 3350,1720,1430,1370,1240,1020,820, and 780 
cm-'; 'H-NMR 6 5.27 (bs, lH), 3.33 (s, 2H), 2.17 (OH, lH), 1.62 (bt, 3H), 
and 0.88 (s, 3H). 


3-Caren-9-01 Acetate-Compound XVIII (61.8 mg) was acetylated 
with acetic anhydride in pyridine, and an acetate (41.6 mg) was obtained, 
mass spectrum: rn/z (a) 194 (M+, C12H180Zr7), 150 (lo), 134 (50), 132 
(45), 119 (base), 105 (35), 93 (48). 92 (36), 91 (36), 79 (331, and 43 (76); I R  
Y 1720,1600,1450,1380,1360,1240, and 1020 cm-'; 'H-NMR (90 MHz): 
6 5.22 (bs, lH),  3.80 (s, 2H), 2.04 (s, 3H), 1.60 (s,3H), and 0.84 (s,3H). 


Acidic Metabolites of (+)-3-Carene-The acidic metabolites of 
3-carene (XVII) were esterified with diazomethane in ethereal solution; 
three compounds were isolated, and their structures were determined. 
In addition, one metabolite was estimated on the basis of the mass 
spectrum. 


3-Carene-9-carboxylic Acid (XIX) as Methyl Ester-The major acidic 
metabolite showed m/z 180 of CllH1602 as a molecular ion. The presence 
of one methyl ester group (1720 cm-' and 3.62 ppm) was suggested from 
its spectrum. The position of the carbomethoxyl group was determined 
to be C-9 on the basis of the lanthanide-induced shift experiment (Fig. 
2). According to the increase of europium reagent, two methine protons 
(H-1 and H-6) on the cyclopropane ring and the C-9 carbomethoxymethyl 
group (9-COZCH3) slanted more sharply than the C-8 methyl group on 
the cyclopropane ring. This result suggests the metabolized methyl group 
of gern-dimethyl orients to an exo-configuration against the cyclohexenyl 
ring. Hence, this methyl ester was determined to be methyl 3-carene- 
9-carboxylate (XIXa). Other signals in 'H-NMR agreed with those of 
3-carene, and the conformation of this monoester is shown in Pig. 2. Thus, 


I / 
/-io-n 


0.1 0.2 0.3 
EUROPIUM REAGENT-SUBSTRATE, molar ratio 


Figure 2-Lanthanide-induced shifts with europium reagent in the 
'H-NMR spectrum of methyl 3-carene-9-carboxylate (XIXa). 


~ 
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Figure 3-Lanthanide-induced shifts with europium reagent in the 
'H-NMR spectrum of dimethyl 3-carene-9,lO-dicarboxylate 
(XXIIa) . 
the formation of a primary alcohol, 3-caren-9-01 (XVIII), is suspected 
from the acidic metabolite, methyl 3-carene-9-carboxylate (XIXa ), [(Y]D 
+8.94' (c, 2.6); mass spectrum: m/z (%) 180 (CllH1602,15), 121 (23), 112 
(base), 105 (35), and 93 (29); I R  u 1720,1260, and 1120 cm-'; 'H-NMR 
(90 MHz): 6 5.24 (bs, lH),  3.62 (s, 3H), 2.70-1.60 (6H), 1.60 (s,3H), and 
1.02 (s, 3H). 


(-)-3-Carene-9-carboxylic Acid (XIX)-The ester (XIXa) (120.5 
mg) was hydrolyzed with 1% KOH in ethanol refluxing for 2 hr, and the 
free acid (XIX) (30.7 mg) was obtained, [(Y]D -3.26' (c, 4.3); U V  A:$' 
208 (log z 3.5) nm; I R  v 3500-2300,1680, and 1260 cm-'; 'H-NMR 6 10.95 
(b, IH, COOH), 5.23 (bs, lH), 1.62 (bs, 3H), 1.03 (s, 3H), and 1.23and 1.00 
(dt, 2H, J = 5 Hz, cyclopropane). Furthermore, XIXa was converted into 
XVIII (10.2 mg) with aluminum lithium hydride (25 mg) in ether. Thus, 
the structure of this acid was determined. 


3-Carene-9,lO-dicarboxylic Acid (XXII) as Dirnethyl Ester-The 
secondary major acidic metabolite showed the parent peak at  m/z 224 
of C12H1604, and the IR spectrum revealed the presence of an ester group 
a t  1720 cm-'. In the 'H-NMR spectrum, in comparison with that of 3- 
carene, disappearence of the signal of an allylic methyl group and the 
appearance of new signals at  3.72 and 3.36 ppm assignable to two methyl 
groups of ester groups were observed. The lanthanide-induced shift in 
'H-NMR of this compound is shown in Fig. 3. Increasing amounts of 
europium reagent caused the shift of one methyl group a t  3.72 ppm to 
the lower field. This shift pattern looks like that of an esteric methyl 
group of XIXa, suggesting the identity of the position of one carboxyl 
group in XXII with the carboxyl group of XIXa. This diester was reduced 
to  an alcohol to give 3-carene-9,lO-diol. In the IR spectrum of this diol, 
the absorption near 3320 cm-' was shifted to 3400 cm-' as the temper- 
ature increased. In addition, the absorption at  3525 cm-' disappeared 
with increasing dilution with carbon tetrachloride. 


These results mean that the diol is hydrogen bonded intermolecularly 
(dimerically) and not intramolecularly. Thus, the relative configuration 
of two hydroxyl groups in 3-carene-9,lO-diol was concluded as being in 
the anti-position in the model. This result indicates that the positions 
of the carboxylated carbon atoms of 3-carene in rabbits are C-9 and C-10. 
Consequently, the structure of dimethyl 3-carene-9,10-dicarboxylate 
(XXIIa) was established: [.ID -7.33O (c, 2.7); UV: AZtP' 223 (log t 3.8) 
nm; mass spectrum: m h  (70) 224 (M+, C12H1604,17), 193 (25). 192 (23), 
164 (15), 133 (40), 112 (base), and 105 (78); I R  u 1720,1680,1460,1440, 
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Table IV--'3C-NMR Spectral Data of Metabolites or Derivatives (Parts per Million from Tetramethylsilane) 


Metabolite C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 9-CO2CHa 10-COZCH3 


9,lO-Dimethoxy- 21.07O 21.07 128.06 137.22 18.60 20.00O 25.25 7.41 167.30 176.15 51.95 51.59 


1,4,4-Trimethyl- 73.19 36.51 34.74 32.93 43.30 19.26 45.07 31.55 30.43O 30.54O 


Reported valuesb 73.6 37.1 35.3 33.5 44.0 19.8 45.7 31.2 31.1 31.1 


Linalool reported values' 111.6 146.3 72.9 43.0 28.1 125.5 131.0 25.9 17.8 23.2 


3-carene d t S d t d S q S S 9 


cycloheptan-1-01 S t t S t t t q 9 9 
- 9 - 


Myrcene-3(10)-glycol 115.30 140.88 76.35 36.90 22.07 124.31 132.29 25.73 17.71 68.95 - - 
S S t 


- - t d t t d 9 9 


Means the alternative value. The values of 1,4,4-trimethylcycloheptan-l-ol in Ref. 33. The values of linalool in Ref. 34. 


1340,1315,1260,1198,1160,1140,1095,1060,1010, and 890 cm-I; 'H- 


CO~CHB), 1.00 (s, 3H, 8-CCH3), and 3.0-1.6 (6H). The '"C-NMR spectral 
data are shown in Table IV, and these values also support the structure 
of XXIIa. 


3-Caren~-9,10-dicarboxylir Acid (XXU-This diester (XXIIa) (35 
mg) was hydrolyzed in 5% KOH in ethanol with refluxing for 1 hr to give 
a diacid (XXII) (29 mg), mp 163.5' (ethanol); UV: A::?' 290 (log c 4.23) 
nm; I R  Y 1690 and 1220 cm-'. This diacid was not soluble in deutero- 
chloroform at  room temperature. 


3-Carene-9,lO-diol-The diester (XXIIa) (33.1 mg) was dissolved in 
anhydrous ether and stirred with aluminum lithium hydride (15.4 mg) 
for 1 hr under nitrogen gas a t  room temperature to give a diol(20.3 mg); 
mass spectrum: m/z (%) 168 (M+, C10H1602,. 231, 150 (81, 132 (141, 119 
(62), 91 (99), 79 (base), and 77 (41); I R  u 3350,1710,1695,1430,1265, and 
1030 cm-'; 'H-NMR (acetone-d6): 6 5.53 (bm, lH), 3.90 (s, 2H, 
=C-CH20H), 3.30 (s, 2H, CHzOH), 2.83 (two OH), and 0.87 (5H, 8-CH:j 
and two cyclopropane protons). 


3-Carene-9,lO-diol Diacetate-3-Carene-9,lO-diol (77.6 mg) was 
acetylated with acetic anhydride (0.5 ml) and pyridine (1 ml) to give a 
diacetate (42.9 mg), [ a ] ~  +8.4' (c ,  4.0); mass spectrum: m/z (a) 252 (M+, 
C14H2004,1), 192 (3), 132 (78), 117 (base), 91 (53), and 43 (52); I R  v 1740, 
1370,1240, and 1035 cm-'; 'H-NMR 6 5.67 (m, IH), 4.47 (s, 2H, IO-CHP), 
3.85 (s, 2H, 9-CH2), 2.08 (s, 6H, two COZCH~), 0.87 (s, 3H, 8-CH3), and 
1.00-0.87 (2H, cyclopropane). 


3-Carene-10-carboxylic Acid (XXI) as Methyl Ester-A minor acidic 
metabolite was isolated from the near fraction of XIXa, and i t  was 
identified as methyl chaminate (XXIa) from the spectral data, [ a ] ~  
+3.88O (c,  2.57); UV: A%*' 220 (log c 3.6) nm; mass spectrum: m/z (%) 


NMR (90 MHz): 6 6.88 (4, lH), 3.72 (s, 3H, 9-CO&H:j), 3.64 (s, 3H, 10- 


L .. 


I 
0.2 0.4 0.6 0.8 


EUROPIUM REAGENT-SUBSTRATE, molar ratio 
Figure 4-Lanthanide-induced shifts with europium reagent in the 
'H-NMR spectrum of dimethyl 3-carane-9,lO-dicarboxylate 
( X X  VlIIa). 


180 (M+, CllHl602,37), 137 (78), 121 (53), and 105 (base); I R  Y 1710, 
1650,1250, and 1070 cm-l; 'H-NMR (90 MHz): 6 6.90 (m, lH, 4-CH), 3.73 
(s, 3H, ~O-COZCH~), 2.80-1.8 (4H), 1.8-1.5 (2H, cyclopropane), 1.06 (s, 
3H, 9-CH3), and 0.73 (s, 3H, 8-CH3) (31, 32). 


3-Caren-10-01-Methyl chaminate (XXIa) (45.0 mg) was reduced with 
aluminum lithium hydride (15.3 mg) at 0' to give an allylic alcohol (39.5 
mg); 'H-NMR 6 5.50 (bs, lH), 3.93 (bs, 2H, CHzOH), 1.00 (s, 3H, 9-CHs), 
and 0.73 (s, 3H, 8-CH3). 


3-Caren-10-ol-Scarboxylic Acid ( X X )  as Methyl Ester-In addition 
to the three acidic metabolites, one acidic compound was estimated by 
GLC-mass spectrometric analysis. This compound has the molecular 
ion at  m/z 196, meaning CllH1603. From this molecular formula and the 
base peak of m/z 112, two structures can be proposed as metabolites, 
methyl 3-caren-~0-ol-9-carboxylate and methyl 3-caren-9-01-10-car- 
boxylate. The mass spectrum of the compound did not show the same 
cracking pattern, even partially, as XVIII and XXIa. Thus, methyl 3- 
caren-10-01-9-carboxylate (XXa) seems to be reasonable; mass spectrum: 
m/z (%) 196 (M+, CilH1603,2), 181 (41,167 (131,165 (a), 153 (6), 137 (121, 
136 (13), 135 (17), 121 (20), 119 (19), 112 (base), 107 (33), 95 (20), 93 (271, 
91 (241, and 79 (IS). 


Metabolites of (-)-cis-Carane-The neutral metabolites of (-1- 
cis-carane (XXVII) were acetylated, and one compound was isolated as 
the acetate; its structure remains to be established. One compound that 
resisted acetylation was isolated by TLC and identified as 1,4,4-tri- 
methylcycloheptan-1-01 (XXX) from the spectral data (33). 
1,4,4-Trimethylcycloheptan-I -01 ( X X X ) - [ ~ ] D  -14.4' (c, 2.2); mass 


spectrum: m/z (%) 156 (M+, C&mO, l), 141 (41), 123 (39), and 71 (base); 
IR (liquid film): u 3375,2960,2860,1470,1375,1365,1110,930, and 865 
cm-'; 'H-NMR: 6 1.20 (s, 3H) and 0.87 (8 ,  6H). The 13C-NMR data 
support the structure (XXX) (Table IV). 


Carane-310-dicarboxylic Acid (XXVIII) as Dimethyl Ester-Acidic 
metabolites of carane in acetone were refluxed with dimethyl sulfate in 
the presence of sodium bicarbonate, and the neutral products were sep- 
arated into pure compounds by preparative GLC. Compound XXVIII 
showed the parent peak at  m/z 226 of C12H1~04 in mass spectrum, and 
other spectral data (1740 cm-'; 3.60 and 3.63 ppm) showed the lms of the 
secondary methyl group of carane and the appearance of two carbo- 
methoxyl groups. The positions and the orientations of the metabolized 
methyl groups were determined by the lanthanide-induced shift exper- 
iment (Fig. 4). According to the lanthanide increase, two carbomethoxyl 
groups showed two completely different slopes, indicating the stereo- 
chemically separated position of these two groups. One group was tertiary, 
and the other was secondary. One carbomethoxyl group showed the same 
sharp slant as the two cyclopropane protons, and one tert -methyl group 
of the three-membered ring slanted more sharply. Hence, dimethyl 3- 
carane-9,lO-dicarboxylate (XXVIIIa) was established. 


Moreover, the hydrogenation of dimethyl 3-carene-9,lO-dicarboxylate 
(XXIIa) (75.2 mg) in the presence of palladium-on-charcoal a t  room 
temperature for 1 day gave only one product, whose spectrum agreed with 
that of the diester from carane. This finding means that hydrogen attacks 
the unsaturated diester from the less-hindered lower side and, thus, the 
10-CO2CH3 group orients toward the equatorial axis (Fig. 4); XXVIIIa: 
[a]D -17.3' ( c ,  1.5); mass spectrum: m/z (%) 226 (M+, C1zHlsO4,6), 194 
(87), 167 (lo), 166 (39), 151 (12), 135 (85), 134 (50), and 107 (base); IR 
(liquid film): Y 1740,1438,1310,1265,1195,1170,1135,1110,1010, and 
770 cm-'; 'H-NMR 6 3.63 (s,3H), 3.60 (s,3H), and 1.19 (s,3H). 


Metabolites of Myrcene-Three neutral and two esterified acidic 
metabolites of myrcene (XXXI) were isolated chromatographically. 


Myrcene-J(IO)-glycol (XXXII)  (40.7%)-The main neutral metab- 
olite showed the molecular ion at  m/z 170 of CloHlsOz in the mass 
spectrum. This alcohol (3380 cm-') was converted into the monoacetate 
(1735 cm-l) with a hydroxyl group remaining (3655 and 3500 cm-I). 
Consequently, it was shown that the major metabolite of myrcene has 
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two hydroxyl grou s. Furthermore, this diol was changed to a conjugated 


The parent peak of the ketone appeared at  m h  138 of CgH140, indicating 
the loss of one carbon atom. The 1H-NMR spectral data of this ketone 
showed ABC- or AMX-type olefinic three protons with the signals of an 
isopropenyl group. These facts ruled out the presence of methyl ketone 
in this conjugated ketone. Thus, the positions of the two hydroxyl groups 
were determined to be C-3 and C-10. 


The 13C-NMR spectrum (Table IV) of XXXII, which corresponds to 
that of linalool(34), further supports the structure of XXXII. The diol 
also was converted into its acetonide to confirm the 1,2-glycol. Compound 
XXXII showed [a]D f O o  (c, 2.9); mass spectrum: mlz (%) 170 (M+, 
CloHlsOz, trace), 152 (41, 139 (24), 131 (471, and 69 (base); I R  v 3380, 
3090, 1450, 1380, 1260,1200, 1195, 1150, 1140,1000,930,842, and 838 
cm-'; 'H-NMR (90 MHz): 6 5.82 (q, lH, J X A  = 17.5 Hz, J X M  = 10.0 Hz), 
5.35 (q, lH, JAX = 17.5 Hz, JAM = 2.0 Hz), 5.20 (q, lH, JMX = 10.0 Hz, 
J M A  = 2.0 Hz), 5.10 (bt, lH, J = 6.0and 1.8 Hz), 3.47 (s, 2H, CH20, ~ 1 1 2  
= 5 Hz), 2.55 (s, 2H, two OH), 1.67 (s, 3H, w1/2 = 3.5 Hz, 9-CH31, and 1.59 
(s, 3H, 8-CH3); 'H-NMR (dimethyl sulfoxide-d& 6 5.87 (lH, JXA = 17.0 


ketone (UV G e  P 215 nm) with activated manganese dioxide in acetone. 


Hz, J X R  = 10.0 Hz), 5.17 (lH, JAX = 17.0 Hz, JAR = 3.0 Hz), 4.97 (lH, 
JRX = 10.0 Hz, JBA = 3.0 Hz), 4.37 (bt, lH, J = 6.0 Hz, CHzOH), 4.17 (bs, 
1H, tert-OH), 3.23 (bs, 2H, w1/2 = 4.2 Hz, CH20), 1.63 (s, 3H), and 1.55 
(s, 3H). By the addition of deuterium oxide to this solution, the signals 
a t  4.37 and 4.17 ppm were lost, and the peak at  3.23 became sharp (uJ1/2 
= 2 Hz). 


Myrcene-3(1O)-glyco1- 10-acetate-Mass spectrum: mlz (%) 194 (M+ 
- H20, trace), 152 ( l ) ,  139 (19), 134 (561,119 (78),87 (lo), 83 (22),69 
(base), 55 (49), 43 (77), and 41 (22); IR: v 3655,3500,3075,2950,2910, 
2845,1735,1640,1450,1410,1380,1260,1240,1145,1100,1040,993,913, 
and 850 cm-l; 'H-NMR 6 6.00-4.93 (4H), 4.05 (q, 2H, J = 15.0 and 11.0 
Hz, CH20COCH3), 2.10 (s, 3H), 1.72 (s,3H, 9-CH3), and 1.63 (s,3H, 8- 
CH3). 


10-Normyrcen-3-one-The glycol (XXXII) (105.1 mg) was dissolved 
in petroleum ether (5 ml) containing activated manganese dioxide (0.5 
g) and stirred for 3 days at room temperature. The products were purified 
by column chromatography to give a ketone (16.9 mg); mass spectrum: 
rnlz (%) 138 (M+, CgHlrO, 7), 123 (25), 95 (53), 55 (base), and 41 (46); IR: 
v 2960,2920,2850,1700 (weak), 1680,1620,1422,1380,1360,1182,1098, 
990,965, and 818 cm-'; 'H-NMR 6 6.36-6.22 (2H, AMX), 5.77 (4, lH, 
J = 8.0 and 4.0 Hz, AMX), 5.10 (bt, lH, J = 7.0 Hz, 6-CH), 2.93-1.93 
(4H), 1.67 (s,3H, 9-CH3), and 1.60 (s,3H, 8-CH3). 


Acetonide of XXXII-The glycol (XXXII) (38.3 mg) was dissolved 
in anhydrous acetone (5 ml) containing anhydrous cupric sulfate (28.2 
mg) and stirred for 21 hr a t  room temperature. After filtration of the re- 
action mixture, acetone was evaporated under reduced pressure to give 
15.9 mg of an acetonide; mass spectrum: rnlz (W) 195 (M+ - 15, C12H1902, 
3) and 69 (base); 'H-NMR 6 6.10-4.93 (4H), 2.62 (2H, CH20), 1.67 (9, 


3H), 1.60 (s, 3H), and 1.27 [ss, 6H, C(CH&]; IR: v 1360-1380 (very strong) 
cm-'. 


Myrcene-1,2-glycol (XXXIV) (20.89;1)-The mass spectrum of the 
second neutral metabolite, C1OH1& (M+, 170), showed the presence of 
a dimethyl ally1 group [1.73,1.63 (s, each 3H), and 5.13 (m, 1H); m h  69 
(base)] and an exo-cyclic methylene group [4.97 and 5.13 (s, each 1H) 
ppm]. The IR spectrum revealed hydroxyl absorption at 3575 and 3450 
cm-'. This alcohol was converted into its diacetate (1735 cm-'), whose 
'H-NMR showed two sets of route protons of primary and secondary 
acetoxyl groups (4.14,2H, and 5.38, IH). The presence of the two hydroxyl 
groups of XXXIV was determined further by 'H-NMR in dimethyl 
sulfoxide-de, namely, the signals of 4.63 (d) and 4.38 (t), assignable to 
CH(0H) and CHzOH, respectively, which disappeared upon the addition 
of deuterium oxide. Thus, it was confirmed that the vinyl group of myr- 
cene was metabolized to a glycol, and the formation of 1,2-glycol acetonide 
strongly supports this determination. 


The biotransformed XXXIV showed the same 'H-NMR spectrum as 
that of the synthetic one (35); [ a ] ~  *On (c, 2.5); mass spectrum: mlz (%) 


85 (12), 81 (12), 79 ( l l ) ,  70 (12), and 69 (base); I R  v 3575,3400,1010,910, 
and 840 cm-l; 'H-NMR 6 5.13 and 4.97 (s, each lH, =CHz), 5.13 (m, lH, 
C=CH), 4.17 [m, lH, CH(OH)], 3.63 (m, 2H, CHzOH), 1.70 (s, 3H, 9- 
CHs), and 1.63 (s, 3H, 8-CH3); 'H-NMR (dimethyl sulfoxide-d& 6 4.63 
[d, IH, J = 5 Hz, CH(OH)] and 4.38 (t, lH, J = 6 Hz, CHzOH), which 
were replaceable with deuterium oxide. 


Diaeetate of XXXIV-The 1,2-glycol(19.3 mg) was acetylated in the 
usual manner to give the diacetate (13.2 mg), [ a ] D  -0.08O (c, 2.5); mass 
spectrum: rnlz (W) 194 (M+ - 60, C12H1802,4), 151 (lo), 134 (861, and 
119 (base); I R  v 3020,1735,1650,980,950, and 915 cm-l; 'H-NMR (90 
MHz): 6 5.38 [q, l H , J  = 7.5 and 4.0 Hz,=C-CH(OCOCH3)],5.09 and 


170 (M', C10H1802, I), 152 (2), 121 (8), 119 (ll),  109 (21), 101 (17), 95 (13), 


4.97 (s, each lH, =CH2), 5.20-4.90 (bs, lH, =CHI, 4.17 and 4.14 (t, each 
1H, -CH20COCHa), 2.08 (s, 3H), 2.13 (s, 3H), 1.68 (s, 3H), and 1.61 (s, 
3H). 


Acetonide of XXXIV-The 1,2-glycol(34.9 mg) was stirred with an- 
hydrous cupric sulfate (0.2 g) in acetone for 16 hr a t  room temperature. 
After filtration and evaporation, an acetonide (10.3 mg) was obtained; 
massspectrum: rn lz  (W) 194 (M+ - H20, trace), 152 (21,139 (19), 134 (561, 
119 (78), 69 (base), and 43 (77). 


Uroterpenol (XXXVI) as Acetate (1 1.8%)-From the acetates of 
myrcene neutral metabolites, uroterpenol monoacetate was isolated in 
a minor yield by preparative TLC. Its mass spectrum agreed with that 
of an authentic sample (36). The IR (3425 and 1720 ern-') and 'H-NMR 
[5.38 (lH), 4.05 (2H of CHZOH), and 1.67 (allylic methyl)] data support 
this structure; mass spectrum: mlz (W) 194 (M+, C12H2003,8), 139 (32), 
134 (base), 119 (35). 105 (17),95 (37), and 43 (84); IR (liquid film): v 3425, 
1720,1430,1370,1240, and 1040 cm-'; 'H-NMR 6 5.38 (bs, lH), 4.05 (9, 


ZH), 2.12 (s, 3H), 1.67 (s, 3H), and 1.15 (s, 3H). 
2-Hydroxymyrcene- I -carboxylic Acid (XXX V) as Methyl Ester-An 


acidic metabolite was isolated as the methyl ester, and the mass spectrum 
showed the molecular ion at  mlz 198 of CllH1~03. Its IR spectra showed 
the presence of a hydroxyl group at 3450 cm-' and -CH(OH) at 3.06 ppm 
(d, J = 6 Hz), and the isopropenyl and 3(10)-endmethylene groups re- 
mained unchanged. The hydroxyl proton signal a t  60 MHz disappeared 
in the case of 90 MHz, and the -CH(OH) signal became broad. Thus, the 
structure of this hydroxyl ester was determined to be methyl 2-hydrox- 
ymyrcene-1-carboxylate (XXXVa), [ a ] ~  *On (c, 1.1); mass spectrum: 
mlz (%) 198 (M+, CllH1~03,2), 180 (2), 173 (3), 138 (131, and 69 (base); 
IR (liquid film): v 3450,1730,1370,1260,1210,1080,1050,982, and 900 
cm-1; 1H-NMR 6 5.18 and 5.04 (9, each lH, =CH2), 5.20-5.00 (bs, lH, 
C==CH), 4.60 [d, lH, J = 6 Hz, CH(OH)], 3.06 [d, lH, J = 6 Hz, CH(OH)], 
3.82 (9, 3H), 2.15 (2H), 2.11 (2H), 1.70 (s,3H, 9-CH3), and 1.63 (8 ,  3H, 


3-Hydroxymyrcene-10-carboxylic Acid (XXXIII) as Methyl 
Ester-The alternative hydroxyacid, 3-hydroxymyrcene- 10-carboxylic 
acid, was estimated tentatively from its GLC-mass spectrometric spec- 
trum as a methyl ester; mass spectrum: rnlz (%) 198 (M+, C11HleO3,2), 
180 (18), 165 (22), 139 (26), 121 (551,116 (92), 93 (22), 83 (39), 69 (base), 
55 (74), and 41 (50). 


Metabolites of p-Cymene-In p-cymene (XXXVII), the neutral 
metabolites were isolated by preparative TLC; acidic metabolites were 
identified by the GLC-mass spectrometric spectra. 


p-Cymen-9-01 (XXXVIII) (50%)-Mass spectrum: m/z (%) 150 (M+, 
C10H14O118), 120 (12), 119 (base), 117 (12), 91 (25), 77 (8),and 65 (6); IR 
(liquid film): v 3370,1520,1040,1020, and 819 cm-l; 'H-NMR. 6 7.15 (8, 
4H), 3.66 (d, 2H, J = 7 Hz), 2.83 [m, lH, CH(CH&], 2.35 (s,3H), and 1.27 
(d, 3H, J = 7 Hz). These data were coincident with those of p-cymen-9-01 
(XL) in the literature (37). 


a-p-Tolylpropionic Acid (XXXIX) (1s Methyl Ester-The spectral 
data agreed with those of methyl a-p-tolyl propionate (37); mass spec- 
trum: m/z (%) 178 (M+, C11Hlr02,42), 120 (74), and 91 (base); IR (liquid 
film): v 1735,1518,1280,820, and 715 cm-'; 'H-NMR 6 7.15 (s,4H), 3.65 
(s,3H), 3.44 (q, lH,  J = 6 Hz, 8-CH), 2.33 (s,3H), and 1.48 (d, 3H, J = 
6 Hz). 


p-Cymen-8-01 (XXVI) (28%)-Mass spectrum: rnlz (%) 150 (M+, 
C&140,9), 135 (base), 132 (19), 117 (17), 115 (lo), 105 (4), 91 (25), 77 
(6), 65 (lo), and 43 (base); IR (liquid film): v 3400,1518,1024,968,868, 
820, and 725 cm-1; 'H-NMR 6 7.34 (q, 2H, J = 8 Hz), 7.21 (d, 2H, J = 
8 Hz), 2.38 (s,3H), and 1.58 (s,6H). All of these spectra agreed with those 
of p-cymen-8-01 (XXVI) (19,23). 


Another four acidic metabolites were estimated tentatively on the basis 
of mass spectra. These compounds were not isolated because of the small 
amounts. 
a-Tolyl-a-hydroxylpropionic Acid (XL) as Methyl Ester-Mass 


spectrum: mlz ("lo) 176 (M+ - HzO, base), 164 (16), 163 (lo), 149 (9), 145 
(26), 131 (5), 92 (6), and 91 (10). 


a-Tolylacrylic Acid (XLI) as Methyl Ester-Mass spectrum: mlz ("lo) 
176 (M+, C11H1202,55), 146 (12), 145 (base), 117 (12), 116 (8), 115 (27), 
and 91 (13). 


p-Isopropylbenzoic Acid (XLII) as Methyl Ester-Mass spectrum: 
mlz (70) 178 (M+, CllH1402,38), 163 (base), 119 (65), and 91 (29). 


p-1-Hydroxyisopropylbenzoic Acid (XLIII) as Methyl Ester-Mass 
spectrum: mlz ("lo) 176 (M+ - HzO, base), 162 (321, 145 (51), and 91 
(10). 


8-CH3). 


DISCUSSION 


Scheme I shows the metabolic routes of a- and P-pinenes. The main 
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Scheme I-Metabolism of (-)-a- and (-)-P-pinenes via allylic oxida- 
tion (A), formation ofepoxide followed by reduction or hydration (B), 


and ring cleavage of the four-membered ring (C).  


urinary metabolites of a-pinene in rabbits were the verbenols. The 
purities and optical rotations of the verbenols are shown in Table 11. In 
the case of (-)-a-pinene (I), the purity of verbenol by GLC of neutral 
metabolites was 99%. On the other hand, the purities of verbenols from 
(+)- and (f)-a-pinenes were 67 and 68%, respectively. This finding means 
that the biotransformation of (-)-a-pinene in rabbits is remarkably ef- 
ficient in the preparation of (-)-trans-verbenol (11). Another method 
of the chemical preparation of (-)-trans-verbenol was reported by Mori 
(38). In addition, the relation of the signs and values of the optical rota- 
tions between the administered a-pinenes and the obtained verbenols 
suggests the stereoselective hydroxylation of a-pinene. As minor me- 
tabolites of a-pinene, two allylic products, myrtenol(II1) and myrtenic 
acid (IV), were obtained. 


In (-)-P-pinene (V), among three metabolic routes (A, B, and C in 
Scheme I), Route B is thought to be the main route judging from the 
yields of 10-pinanol (VII) and l-p-menthene-7,8-diol (VIII) (39 and 30%, 
respectively). This route includes epoxide formation of the end-meth- 
ylene group. Such epoxide formation also was found in the metabolism 
of camphene in rabbits (13), and it was confirmed by the administration 
of camphene epoxide to obtain camphanol(39). Myrtenic acid might be 


B C 


1 D 


A 
Scheme II-Metabolites found in koala's urine and the formation of 


Lactone A. 


XVI 


Scheme III-Metabolism of (-)-cis-pinane via simple hydroxylation 
at secondary carbon atoms (A) and ring cleavage of the four-membered 


ring and hydration (E). 


derived through this route from 8-pinene. The additional routes, A and 
C, are estimated from the corresponding metabolites. On the other hand, 
the koala fed a diet of Eucalyptus punctata containing a- and 8-pinenes 
metabolized the lactones A, B, and C (Scheme 11) (9), and later it was 
pointed out that A is yielded through 4-hydroxymyrtenic acid (D, Scheme 
11) (40). The presence of this acid (D) was suggested as a metabolite of 
a-pinene in rabbitslo. In the present study, however, it was not detected 
even in GLC-mass spectrometry, so it is concluded that it is a species- 
specific metabolite of a-pinene in mammals. 


In pinane (Scheme III), Route B was the main metabolic route [a- 
terpineol(1X) (43%)]. In the first step, it can be estimated that eradication 
of a hydride ion occurred. The three compounds of Route A [3-pinanol 
(XI), 4-pinanol (XII), and verbenol (XIII)] were clearly estimated as 
metabolites on the basis of the isolated oxidation products (3-pinanone, 
4-pinanone, and verbenone, respectively) of the neutral portion. A lac- 
tonic compound (XVI) might be yielded as an artifact from a-terpineol 


A f  xvT[l X M  xx 


xvn XXI xxn 
\c 7 


xxm XXIV 
Scheme IV-Metabolism of (+)-3-carene via stereoselective hydrox- 
ylation at gem-dimethyl followed by carboxylation (A), allylic oxidation 
at an a-tlyfic methyl group (E), and allylic hydroxylation at a secondary 


carbon atom (C). 


lo R. Mechoulam, Hebrew University of Jerusalem, Jerusalem, Israel, personal 
communication. 
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xxv XXVI 
Scheme V-Two possible allylic hydroxylation routes a t  secondary 


carbon atoms (C-2 and C-5) of 3-carene. 


(IX) or sobrerol (XIV) by Jones oxidation of a neutral portion of the 
metabolites. 


As shown in Scheme IV, 3-carene (XVII) was stereoselectively hy- 
droxylated and carboxylated. In this case, m-rnentha-4,6-dien-8-01 
(XXIV) was a main urinary neutral metabolite (71.8%) along with its 
aromatized m-cymen-8-01 (XXIV) (<1%). The formation of 3-caren-9-01 
(XVIII) in Route A in Scheme IV is explained as allylic hydroxylation 
due to the cyclopropane ring. Four compounds were isolated as acidic 
metabolites: 3-carene-9-carboxylic acid (XIX), 3-carene-9,10-dicarboxylic 
acid (XXII), chamic acid (XXI), and 3-caren-l0-ol-9-carboxylic acid 
(XX). Metabolites XVIII, XIX, XX, and XXII in Scheme IV have not 
been reported yet in literature. 


Routes A and B show the stereoselective hydroxylation and carboxy- 
lation of the gem-dimethyl group. Such reactions have not been found 
in the chemical oxidation of 3-carene, indicating the enzymatic specificity 
in the metabolism. In Route C, two metabolic pathways (Cl and CZ) can 
be proposed as the endo-cyclic allylic hydroxylation (Scheme V). It is 
reported that 1,3-rearrangement of the hydroxyl group in 3-caren-5-01 
to rn-mentha-4,6-dien-8-01 (XXIII) occurs easily due to the cyclopropane 
ring (41). Thus, Route C1 in Scheme V includes 3-caren-5-01 as an in- 
termediate. In the same manner, Route CZ [formation of 3-caren-2-01, 
followed by the rearrangement to a dienol (XXV) and the formation of 
an aromatic alcohol (XXVI)] may be postulated, but neither XXV or 
XXVI was found in this experiment. Consequently, Route Cz is ruled out. 
Therefore, the position of C-5 in 3-carene is thought to be more easily 
hydroxylated than C-2 by enzymatic systems in the liver of a rabbit. The 
same example can be seen in the metabolism of 1-methylcyclohexene in 
rabbits (12). 


In carane, the C-9 and C-10 methyl groups were metabolized by en- 
zymes (Scheme VI). The carboxylation of the gem-dimethyl group is said 
to be stereoselective and is one kind of allylic oxidation due to the cy- 
clopropane ring; the secondary C-10 methyl group of carane was me- 
tabolized as in the case of carboxylation of the secondary methyl of 
patchoulol(6). Therefore, oxidation of the C-10 methyl group of carene 
does not always seem to be affected by the double bond. This is the first 
case in which carane-9,10-dicarboxylic acid has been reported. As a 


XXVII 
COOH 


0 
?COOH 


XXVIII XXIX XXX 
Scheme VI-Metabolism of (-)-cis-carane via stereoselectioe gem- 
dimethyl and secondary methyl hydroxylation and carboxylation in 


3-carane. 


XXXII XXXIII 


XXXI XXXIV xxxv 


XXXVI 
Scheme VII-Metabolism of myrcene via regioselectiue epoxidation 
followed by hydration at  C-3,lO double bond (A) and a t  C-1,2 double 


bond (B). 


neutral metabolite of carane, 1,4,4-trimethylcycloheptan-l-ol (XXX) 
was identified by spectral data. This alcohol can be explained as a me- 
tabolite from 1,1,4-trimethylcycloheptane (XXIX), which was reported 
as a main reduction product of 3-carene in some conditions (42) and 
whose minor presence in the administered carane was confirmed by 
comparison of GLC-mass spectrometry of authentic samples. The for- 
mation of this tertiary alcohol was reported in methylcyclohexane me- 
tabolism (43,441. 


Scheme VII shows the metabolism of myrcene (XXXI). Among these 
metabolites, two compounds had not been reported previously [myr- 
cene-3( 10)-glycol (XXXII) and 2-hydroxymyrcene-1-carboxylic acid 
(XXXV)], and myrcene-l,2-glycol (XXXIV) was newly obtained as a 
natural product. The formation of two glycols was due to the hydration 
of the corresponding epoxides formed as intermediates. The yield of 
3(10)-glycol was higher than 1,2-glycol, indicating the facile enzymatic 
attack to the fixed 3(10)-double bond. The optical rotation of these glycols 
each showed a value of zero, meaning that there is an equal chance of 
attack by enzymes to the double bond from both sides. The formation 
of uroterpenol (XXXVI) may proceed through limonene, which was 
clearly derived from myrcene in the acidic conditions of rabbit stom- 
achs. 


At first, four allylic alcohols (E, F, G, and H) were expected as the 
neutral metabolites of myrcene. However, none of these compounds was 
obtained. The fact that the allylic positions ((2-4, C-5, C-8, and C-9) of 
myrcene were not hydroxylated shows the regioselective hydroxylation 
by enzymes in rabbits. This metabolism of myrcene offers one type of 
biotransformation of 8-farnesene (J), a linear sesquiterpene hydrocarbon 
having the same partial structure as myrcene. 


E: R ,  = OH, R, = R, = R, = H 
F: R, = OH, R, = R, = R, = H 
G: R, = OH, R, = R, = R, = H 
H: R, = OH, R ,  = rt, = R, = H 


A I 


J 
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xxxw XLI 


XLII XLnI 
Scheme Vlll-Metabolism of p-cymene via hydroxylation a t  the 
position (A), a t  the w-1 position (B), and at the benzyl position (c). 


Biotransformation of aromatic hydrocarbons has been studied ex- 
tensively in relation to carcinogenic activity. However, the metabolism 
of p-cymene (XXXVII), which is often found in essential oils, remains 
to be established in mammals. As shown in Scheme VIII, seven metab- 
olites were identified or estimated. The intraperitoneal administration 
of p-cymene gave the same metabolites as did oral administration, 
suggesting that all terpenoids used were biotransformed not microbio- 
logically but through liver enzymatic systems. Cumene was metabolized 
in rabbits and gave 2-phenyl-2-propanol (40%), 2-phenyl-1-propanol 
(25%), and 2-phenylpropionic acid (25%) (45). In addition, isopropyl 
diphenyl was metabolized in many mammals (dog, monkey, rat, and 
human), and species-different metabolic routes were proposed previously 
(46). Those studies and the present results establish the metabolism of 
aromatic hydrocarbons having an aliphatic group as follows: 


1. Aromatic hydrogen atoms are not replaced by hydroxyl groups. 
2. In the metabolism of methyl and isopropyl groups on aromatic 


hydrocarbons, the isopropyl group is more easily hydroxylated or car- 
boxylated (Routes A and B) than the benzyl methyl group (Route C), 
judging from their yields. 


On the other hand, in the microbial transformation of p-cymene, the 
carboxylation of the benzyl methyl group and the hydroxylation of aro- 
matic hydrogens were reported (37). Thus, the biotransformation of 
p-cymene in rabbits and microorganisms are considerably different. The 
metabolism of ethyl benzene was reported and a similar pathway was 
proposed (47). 


From the Doint of bioloeical activitv. mammals (rabbits) and insects - .  
(bark beetle’s) show an iiteresting relationship in the metabolism of 
monoterpenoids. Namely, verbenol and pinocarveol also were reported 
as oxidation products of a- and 6-pinenes, respectively, in a bark beetle, 
Dendroctonus frontalis (48). Moreover, (-)-cis- and (+)-trans-verbenols 
have pheromonal activity in Ips paraconfusus and in Dendroctonus 
breuicomis, respectively (49). In addition, myrcene was metabolized to 
ipsdienol (Structure F) and ipsenol (Structure I), both known as phero- 
mones that are widely used in Scandinavia (50), in Ips spp. (51,52). p- 
Cymen-8-01 (XXVI) also was found from the frass of a longhorn beetle, 
Hylotrupes bajalus (53). The high yield (50% of the dose) ofp-cymen-8-01 
following intraperitoneal administration offers a new preparation method 
for this pheromone. 
2-Hydroxymyrcene-1-carboxylic acid (XXXV) has a structure similar 


to myrmicacin (Structure K) (54), so it is expected to have some biological 
activity. 
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Abstract A TLC system sensitive enough to detect, identify, and allow 
quantitation of the 16-methyl a- and 8-epimers of 9-fluoro-llp-hy- 
droxy-16-methylandrosta-1,4-diene-3,17-dione is described. These ep- 
imeric 17-ketones may be present as impurities in dexamethasone, be- 
tamethasone, or related drugs. A spectrodensitometer with a TLC 
scanning attachment was used, and results from densitometry compared 
favorably with quantitation by high-performance liquid chromatography, 
as was described recently. TLC was convenient in the rapid examination 
of drug samples for the detection and identification of epimeric 17-ke- 
tones and for the determination of the a to p ratio of such epimers. 
Various applied photographic techniques for documenting TLC data are 
described. 


Keyphrases 0 TLC-detection and identification of 16a- and 168- 
methyl epimers of 9-fluoro-ll~-hydroxy-16-methylandrosta-l,4- 
diene-3,17-dione, impurities in dexamethasone, betamethasone, and 
related drugs 0 Dexamethasone impurities-16a- and 16P-methyl17- 
ketone oxidation products, identification and quantitative detection by 
TLC 0 Epimers-16a- and 16@-methyll7-ketone oxidation products, 
possible impurities in dexamethasone, betamethasone, and related drugs, 
TLC detection and identification of a- and 8-epimers 


The TLC or partition chromatography of CIS steroid 
estrogens (1-3), C19 androstanes (4-6) such as androgenic 
hormones, Czl pregnanes (7-10) including cortisone, and 
the related oxygenated derivatives of these families is 
documented. The C22 steroids such as dexamethasone and 
betamethasone and their C20 oxidation products have not 
received such detailed study. 


Interest has developed in qualitative and quantitative 
studies of these epimeric C20 oxidation products by high- 
performance liquid chromatography (HPLC) (11) and 
TLC (12) because of their presence as impurities in dexa- 
methasone (11-13) and dexamethasone sodium phosphate 
(I) drug samples. Inherently, the Cz2 steroids and their 
17-0x0 derivatives possess a structural feature not exhib- 


ited by the C19 and Czl steroids and their oxygenated de- 
rivatives, namely, an optical center resulting from the 
additional methyl group at  the C-16 position. These ep- 
imeric optical isomers were subjected to HPLC and TLC 
in this study. 


BACKGROUND 


The 17-0x0 derivative, i.e., 9-fluoro-ll~-hydroxy-16-methylan- 
drosta-1,4-diene-3,17-dione (epimers IIa and IIP), recently was reported 
to be present (12) at -2% as an impurity in drug products from five of six 
dexamethasone manufacturers for the Canadian market. In addition, 
a massive contamination (50%) by the a- and P-epimers of this ketone 
(IIa and IIB) was reported (11) in a commercial sample of dexamethasone 
sodium phosphate (I) solution for injection. In that study ( l l ) ,  it was 
found by HPLC that this 17-keto oxidation product was actually an ep- 
imeric mixture of the 16a- and 16a-methyl compounds and that the a 
to ,B ratio could be determined approximately. Identification of the 16- 
methyl 17-ketone epimers (IIa and Up) by TLC systems similar in nature 
to the reversed-phase HPLC system was attempted, but the TLC systems 
failed to separate the a- and 8-epimers; dexamethasone acetate, a related 
compound, consistently exhibited the same Rf value as the epimers 
(11). 


Another report (12) indicated that separation between the 16a- and 
16p-methyl epimers (IIa and IIp) can be effected by TLC (R f  0.60 and 
0.59, respectively). The epimeric corticosteroids, dexamethasone and 
betamethasone, which differ in configuration at  the C-16 optical center, 
were separated by paper chromatographic liquid partition (14). General 
techniques for photographic documentation of data collected on TLC 
plates were reported (15). 


A method to determine the a to p epimeric ratio of the impurity is 
important because the components of the impurity are diastereoisomeric 
with different physiological properties and, consequently, different effects 
on the patient. An overview of possible physiological effects of such 
contamination, including references, was given previously (11). 


The aim of the present work was to develop a TLC technique that al- 
lows identification of epimeric 16-methyl 17-ketones (Ira and IIP) in 
samples of drugs related to dexamethasone. Furthermore, the method 
must determine the a to 13 ratio of the impurity. In the first part of the 
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Abstract The acute hemodynamic effect of intravenous administra- 
tion of polystyrene microspheres was investigated and correlated with 
their distribution pattern and kinetics. Microspheres of three diameters 
(3.4, '7.4, and 11.6 pm) were administered. The 7.4- and 11.6-pm diameter 
microspheres were filtered by the pulmonary capillary network following 
intravenous administration, the majority during the first pass. There was 
no significant hemodynamic effect following administration of the 7.4- 
and 11.6-pm diameter microspheres in doses as high as 3.0 X lo9 and 6.1 
X los, respectively (total cross-sectional area of 1.3 X 10" and 6.4 X 1O1O 
pm2, respectively). Intravenous administration of 3.4-pm diameter mi- 
crospheres produced significant dose-dependent systemic hypotension 
and depression of myocardial performance at  dosages as low as 1.0 X 1O'O 
(cross-sectional area of 9.1 X 1O'O pm2). These differences in acute he- 
modynamic effect from the 7.4- and 11.6-pm diameter microspheres may 
be due to the differences in distribution kinetics and fate of the 3.4-pm 
diameter microspheres, which readily pass through the lungs to the 
systemic circulation, with late disposition primarily in the liver and 
spleen. Although elimination of the smaller spheres from the blood during 
the first 6-8 min was rapid, i.e., t l / 2  = 1.62 and.1.72 min from the venous 
and arterial blood circulation, respectively, levels of lo3 spheredg of blood 
were present in the circulation for >1 hr. These findings must be con- 
sidered in the planning of intravenous administration of microspheres 
as a drug delivery system to target organs. 


Keyphrases D Microspheres, polystyrene-acute hemodynamic effects 
and blood pool kinetics following intravenous administration to dogs, 
drug delivery system to target organs 0 Drug delivery system-poly- 
styrene microspheres, acute hemodynamic effects and blood pool kinetics 
following intravenous administration, dogs Kinetics-polystyrene 
microspheres, distribution and clearance in dogs following intravenous 
administration, drug delivery system Radionuclide imaging agents, 
p~tential-~~lCe-labeled polystyrene microspheres, acute hemodynamic 
effects and blood pool kinetics evaluated in dogs following intravenous 
administration 


Systemic toxicity of pharmaceutical agents, particularly 
those used in the chemotherapy of malignancy, has 
prompted a search for alternative drug delivery methods. 
Ideally, these methods should be safe, comfortable, and 
convenient to the patient. To date, attempts at local 
therapy with surgical implants or chronic catheter place- 
ment have achieved only limited success. Intravascular 
administration of radioactive microspheres has been uti- 
lized safely in animals and humans for many years to assess 
blood flow patterns (1). Detailed investigation regarding 
their distribution patterns (2, 3), hemodynamic effects 
(4-6), and induced pathological changes (7,8) has begun 
only recently, stimulated by evidence that pharmaceutical 
agents may be incorporated into subvisible particulates 
for intravenous administration, with subsequent local 
release after the particle lodges in the microcirculation 
(9-11). 


While some deaths were recorded in previous studies on 
microsphere size, distribution time, and distribution 
pattern in beagle dogs (2 ,4 ,8) ,  there was little evidence of 
tissue damage that could be attributed to the microspheres 


in specific organs. Due to the lack of significant clinical 
changes, the present study was undertaken to assess the 
influence of particle size on the hernodynamic changes 
associated with the intravenous administration of rela- 
tively large aggregate-weight bolus injections of micro- 
spheres. 


EXPERIMENTAL 


Administration of Microspheres-Polystyrene divinylbenzene 
microspheres labeled with cerium 141 were obtained as a suspension in 
physiological saline from a commercial supplier'. The specific activity 
was -50 mCi/g; -500 pCi was administered to each dog. The number of 
radioactive spheres was calculated from: 


6 
1.55 x 109 


D3 
number of spheres/mg = (Eq. 1) 


where D is the mean sphere diameter in microns. The nonradioactive 
spheres2 were obtained as a 10% suspension in saline. The actual size and 
number of the microspheres were determined microscopically3 and with 
an electronic particle counter4, respectively. The appropriate dose of 
microspheres was drawn into a syringe, and an accurate radioactivity 
count was determined by a radioisotope calibrator5. The microspheres 
then were injected intravenously using a three-way stopcock. After 
thorough flushing of the syringe and stopcock with saline, the syringe was 
analyzed to exclude significant retention of the microspheres. Immedi- 
ately prior to dosage administration, the vial of microspheres was placed 
in an ultrasonic bath for 15 min to ensure dispersion of the spheres. A 
surfactant, polysorhate 80, was not used in the preparation of the mi- 
crospheres due to its adverse hemodynamic effect (12). 


Preparation of Animals-Female beagle dogs, 13.0-15.0 kg, were 
randomly assigned to receive 3.4,7.4, or 11.6-pm diameter microspheres. 
Following endotrachael intubation, anesthesia was maintained with a 
mixture of 1-2.5% halothane (depending on the blood pressure response 
and desired level of anesthesia) and oxygen delivered by a mechanical 
respirator. A left thoracotomy was performed, and a micromanometer- 
tipped catheter6 was inserted into the left ventricle to measure systolic 
pressure. The rate of change of the left ventricular pressure (dpldt) was 
derived electronically. A pair of ultrasonic piezoelectron crystals was 
implanted in the left ventricular subendocardial wall to measure regional 
myocardial wall motion and, by inference, left ventricular volume. 


Micromanometer-tipped catheters7 were inserted into the pulmonary 
artery and descending aorta to measure pulmonary artery pressure. A 
thermistor-tipped catheter8 also was placed in the pulmonary artery to 
enable serial thermodilution cardiac output determinations. Catheters 
were positioned in the right atrium and descending aorta to allow ease 
in blood sampling from the venous and arterial circulation, respectively. 
The surface ECG was monitored continuously. The micromanometer- 
tipped catheters were referenced to zero and calibrated with a mercury 
manometer before insertion. Correction for micromanometer transducer 
drift was performed by superimposing electronically derived mean 


Nuclear Products Division, 3M Co., St. Paul, Minn. 
Dow Diagnostics, Indianapolis, Ind. 


Coulter Counter model TAII, Coulter Electronics, Hialeah, Fla. 
Model CRC-GA, E. R. Squihb & Sons, Princeton, N.J. 


3 Zetopan universal research microscope, Reichert, Austria. 


6 Koniesbere Co.. Pasadena. Calif. 
7 Mill& Co.PHouston, Tex. ' 
8 4F pediatric thermodilution catheter 702216, Edwards Laboratory, Santa Ana, 


Calif. 
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Figure 1-Distribution of 141Ce-labeled microspheres as determined by external nuclear imaging 3.5 hr following intravenous administration. 
The larger microspheres (7.4 pm in Dog 6 and 11.6 p m  in Dog 4) were localized in the lungs, whereas the smaller (3.4 p m  in Dog 1) microspheres 
distributed to the liver and spleen. 


pressure against that of a fluid-filled catheter system connected to a 
pressure transducerg positioned at midchest level. 


Hemodynamic Protocol-Following the surgical instrumentation, 
each animal was monitored for 30 rnin to ensure hemodynamic stability. Dog Size, pm Number CSA", pm" Weight, mg 


Control - - - - Continuous direct measurements of the surface ECG, pulmonary artery 
pressure, systemic artery pressure, left ventricular pressure, rate of change Control-NRb 3,4 1.41 1.28 loiz 3525 


3.4 6.25 X los 5.68 X lo9 15.6 of left ventricular pressure (dp ld t ) ,  and left ventricular segmental wall 
motion were recorded on magnetic tapelo. Data were printed at  prede- 2 3.4 8.62 X los 7.83 X lo9 21.6 
termined intervals'l. Serial duplicate cardiac output determinations were 2NR 3.4 9.45 X lo9 8.58 X 10'O 236 
recorded at 20-min intervals12. Maximum values of +dD/dt and -dw/dt 3 11.6 1.09 x 107 1.15 x 109 10.9 


Table I-Dosing Information 


Microsphere 


1 


were determined from electronic differentiation of the left ventricular 
pressure waveform. 


The systolic shortening fraction, which is a measure of the left ven- 
tricular regional wall motion, was calculated with ultrasonic segment- 
length measurement via the piezoelectron crystals implanted in the left 
ventricular subendocardium using the following expression: (end diastolic 
length - end systolic length)/end diastolic length. All animals were stable 
throughout the 30-min control period. A control animal was monitored 
for 3 hr following a placebo injection of physiological saline; this animal 
remained stable. 


Following the 30-min control period, a measured number of l4ICe- 
labeled microspheres of a given size (Table I) was administered as a bolus 
injection into the right atrium. Two dogs received the 3.4-pm diameter 
size, two received the 7.4-pm diameter size, and two received the 11.6-pm 
diameter size microspheres. Hemodynamic measurements and venous 
and arterial blood samples were taken every 2 min for 40 min, every 5 min 
for 20 min, and then every 10 min for the next 2 hr. 


At  the conclusion of the 3-hr monitoring period, a second bolus injec- 
tion of nonradioactive microspheres of the same diameter (Table I) was 
administered slowly (-8 ml/min) to assess possible hemodynamic effects 
of larger doses. Then 3.5 hr after administration of the radioactive mi- 
crospheres, each animal was sacrificed and sent for nuclear scanning. Two 
additional dogs were instrumented similarly for additional dosing with 
nonradioactive 3.4-pm diameter microspheres to complete the dose- 
response curve. 


Scanning of Dogs-With a digital computer13 attached to a scintil- 
lation camera'q distribution of the radioactive microspheres was assessed 
by whole body scanning. 


Blood Level of Spheres-Blood samples removed during the 3-hr 
study were analyzed for radioactivity using a well-type y-~ounter'~. 
Application of the appropriate calibration equation yielded results in 
microspheres per gram of blood. 


RESULTS 


Nuclear Scanning-Consistent with previous results, the radioac- 
tivity was confined principally to the lungs (>go%) in animals adminis- 
tered 14'Ce-labeled 7.4- and 11.6-fim diameter microspheres. The animals 
given 3.4-fim diameter microspheres had little activity (-12%) remaining 
in the lungs 3.5 hr following administration, the majority (-83%) of the 


Bentley Trantec mode 800, Irvine, Calif. 
lo Honeywell Co., Denver, Colo. 
l1 Brush recorder 200, Gould Co., Cleveland, Ohio. 
l2 Model 9520 Cardiac Output Computer, Edwards Laboratories, Santa Ana, 


Cnlif 
l3 PDP-11/15, Digital Equipment Corp., Maynard, Mass. 
l4 Pho/gamma LFOV, Searle Radiographics, Des Plaines, Ill. 


Spectroscaler, Picker Nuclear Corp., Northford, Conn. 


3NR 11.6 2.02 X 108 2.14 X 10'O 202 ~- 
4 i i .6  2.13 x i07 2.25 x i09 21.3 
4NR 11.6 6.06 X lo8 6.40 X 1O'O 606 
5 7.4 4.26 x 107 1.83 x 109 21.2 
5NR 7.4 1.50 X lo9 6.45 X 1O'O 394 
6 7.4 5.52 x 107 2.37 x 109 14.5 
6NR 7.4 xoo x 109 1-29 x 1011 7x9 ._ -. .. 


7NR 3.4 i.00 x i 09  9.0s x i 09  25.0 
7LNRC 3.4 1.00 X 1O1O 9.08 X 1O'O 250 
8NR 3.4 9.55 X 10'0 8.67 X 10" 2388 


a CSA = cross-sectional area. NR = dose of nonradioactive spheres. LNR = 
large dose of nonradioactive spheres. 


radioactive particles having accumulated in the liver and spleen (Fig. 1). 
Table I1 summarizes the results of external analysis of these organs and 
demonstrates the clear tendency of the microspheres to distribute in a 
size-dependent organ-specific pattern. 


Blood Pool Kinetics-Serial measurements of circulating micro- 
sphere levels from venous and arterial sites drawn following intravenous 
administration of 14'Ce-labeled microspheres are shown graphically by 
blood level profiles in Fig. 2. The elimination rate of the initial stage 
following intravenous administration is summarized in Table 111. The 
elimination rate constant was determined by the least-squares method 
using first-order kinetics. These data, along with the ratios of venous and 
arterial blood levels presented in Table IV, demonstrate that few of the 
7.4- and 11.6-pm spheres reached the arterial circulation; 98% of the 7.4- 
and 11.6-pm spheres were eliminated from the circulating blood pool in 
the first 2 min. For the 3.4-pm spheres, 10-12 rnin was required before 
98% was eliminated. Within 10 min, the concentrations of the 11.6,7.4, 
and 3.4-pm spheres in venous circulation were <lo, -10, and -lo3-lo4 
spheres/g of blood, respectively. Therefore, a ratio of 0.81 for venous to 
arterial circulation for the 3.4-pm spheres indicates that the smaller 
spheres passed readily from the venous to arterial circulation, with high 
arterial levels present virtually immediately after administration. The 


Table 11-Microsphere Distribution in  Specific Organs 3.5 h r  
after Intravenous Administration Determined by External 
Imaging 


Total in 
Lungs, Liver, Spleen, the Three 


Size, pm % % % Organs, % 


3.4 12 73 10 95 
7.4 92 (-2%)" 94 


11.6 93 -b  -b  93 


Combined level of activity in liver and spleen was -2%. * Negligible level in 
liver and spleen. 
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Table 111-Elimination of Microspheres from Blood at Initial Stage following Intravenous Administration a 


- r, 
b- - 


Sphere Size, 
um 


Elimination Rate, min-I 
Venous Blood Arterial Blood 


t1/2, min 
Venous Blood Arterial Blood 


3.4 
7.4 


11.6 


-0.426 f 0.078 
-0.810 f 0.168 
-1.33 f 0.320 


-0.403 f 0.053 
-0.776 f 0.140' 


- 


1.62 
0.86 
0.52 


1.72 
0.89 - 


~~~~ ~ ~ ~ ~ ~ ~ ~ ~ 


a Average of two dogs in each size. * Essentially all 11.6-pm spheres and >95% of the 7.4-pm spheres were removed from the systemic circulation during the first pass. 
Therefore, this elimination rate is for a relatively small number of spheres that reached the arterial circulation. 


blood level profiles show that the venous and arterial levels of 3.4-pm 
spheres remained essentially the same over -3 hr, suggesting that these 
spheres recirculate rather freely. Even after 2 hr, the level in the circu- 
lation was W-103/g of blood. 


Hemodynamic Data-The 7.4- and 11.6-pm diameter microspheres 
were not associated with significant hemodynamic changes in the dosage 
ranges administered. The 3.4-pm diameter microspheres, administered 
at  a similar total cross-sectional area dosage, induced significant dose- 
dependent deterioration in some of the hemodynamic parameters 
monitored (Fig. 3). These changes are illustrated more clearly in Fig. 4, 
which depicts a slow continuous recording of the first 7 min following 
intravenous administration of 1.41 X 10" 3.4-pm diameter microspheres. 
A profound drop in the systemic blood pressure, with associated deteri- 
oration in -dp/d t ,  +dp /d t ,  and systolic segment shortening, occurred 
within several minutes of microsphere administration. A later secondary 
elevation in pulmonary artery pressure also occurred, probably due to 
a neurohumoral reflex response to the severe systemic hypotension. 


These acute changes are most consistent with peripheral vascular 
collapse, not unlike those seen in anaphylactic shock. That direct myo- 
cardial depression occurs, but is not the predominant cause of shock, is 
evidenced by the lack of elevation in left ventricular end diastolic pressure 
and the reduction in end diastolic segment length. Only after a period 
of profound hypotension was there evidence of depressed myocardial 
function, i .e.,  decreased +dp/d t  and decreased systolic segment short- 
ening. Sustained ventricular tachycardia developed late following ad- 
ministration of 3.4-pm diameter microspheres in one animal. Cardiac 
output also was well maintained initially, dropping only after sustained 
hypotension, with its deleterious effect on the myocardium, had been 
present. Progressive increases in dosage of these 3.4-pm diameter mi- 
crospheres resulted in progressive worsening of the severity (Fig. 5) and 
duration of the systemic hypotension. 


DISCUSSION 


Intravascular injection of particulate matter has been performed to 
image organs and assess blood flow characteristics. Early investigators 
utilized distribution kinetics of different size microspheres to assess the 
physical dimensions and biological characteristics of the microcirculation 
of various organs (I). As early as 1961, it was reported that the majority 
of microspheres less than 4.0 pm in diameter injected into the femoral 
vein passed through the pulmonary capillary network, whereas only a 
relatively small portion of similarly injected microspheres of >8.0 pm 
diameter passed into the systemic circulation (13). Previous work in our 
laboratories amplifies these points and, along with the present results, 
demonstrates that localization of the 7.4- and 11.6-pm diameter micro- 
spheres in the lungs, presumably by mechanical filtration, occurs in the 
first 2 min. This rapid localization suggests passive filtration and is 
consistent with ultrastructure studies of the pulmonary capillary network 
(14,15) and the results of other investigators working with similarly sized 
microspheres (13,16). The localization in the lungs appears to be com- 
plete for the 11.6-pm spheres, but there is evidence of gradual clearance 


Table IV-Ratio of Microsphere Levels in  Venous and Arterial 
Blood (VBC/AVC) Samples following Intravenous 
Administration 


VBC/AVC 
Minutes 3.4 pm 7.4 pm 11.6 pm 


2 0.81 6.4 85 
4 0.69 3.1" 18" 


C C - 10 0.81 - 
20 1.0 
30 1.1 


- - 
- - 


a Approximate venous concentration is <50 spheredg of blood. Venous con- 
centration is 103-104 spheres/g of blood. e Venous concentration is <10 spheredg 
of blood. 


and relocation in the liver and spleen of the 7.6-pm spheres. 
Because of the recirculation characteristics of the microspheres of 


<4.0-pm diameter, their use was generally abandoned since they were 
of little value in organ imaging or assessing blood flow patterns. Of con- 
siderable interest is the recent documentation (2,8) that, following in- 
travenous administration, the 3.4-pm diameter microspheres pass 
through the pulmonary circulation and distribute in a pattern consistent 
with reticuloendothelial system uptake. This localization of the 3.4-pm 
diameter microspheres in the liver and spleen requires considerably more 
time than localization of the larger (27.4-pm diameter) microspheres 
in the lungs, suggesting a biologically active process, e.g., phagocytosis 
(17) rather than passive filtration. The prolonged time course required 
for the 3.4-pm diameter microsphere clearance from the circulating blood 
pool correlates well with the duration of their acute hemodynamic effects 
(vide supra) and suggests some association with blood cells, a gradual 
release from the lungs, or a combination of the two. 


Allen et al. (18) suggested that pulmonary hypertension is the most 
sensitive sign of hemodynamic deterioration following intravenous in- 
jection of microspheres larger than 13.5-pm in diameter. These authors 
also demonstrated a dose-response curve that correlated the increase 
in pulmonary artery pressure with increasing dosage and increasing sizes 
of administered microspheres (5). As expected from their dose-response 
curve, no significant pulmonary artery pressure rise was observed fol- 
lowing intravenous administration of 7.4- and 11.6-pm diameter micro- 
spheres. While these particles are smaller than those that Allen utilized, 
they are nearly completely filtered by the pulmonary capillary network 
during the first pass through the pulmonary circulation. 


The number of 3.4-pm diameter microspheres required to produce 
serious hernodynamic compromise is much smaller than would be pre- 
dicted using the formula suggested by Allen et al. (5) .  This result appears 
due to the demonstrated ability of these small microspheres to pass 
through the pulmonary vascular network. Indeed, the period of hemo- 
dynamic compromise coincides with the time during which the 3.4-pm 
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MINUTES 


diameter microspheres are numerous in the circulating blood pool (Figs. 


At present, the cause of the observed acute hernodynamic deterioration 
is unknown. Because of its similarity to anaphylaxis, a possible expla- 
nation would be the liberation of vasoactive amines as the microspheres 


2-4). 


LEFT VENTRICULAR 150 
100 - 


PRESSURE ( mmHg 1 5 0 :  
0 -  


pass through the pulmonary and peripheral vascular networks (19,20). 
Alternatively, the hypotension could reflect a neurogenic reflex caused 
by high levels of the microspheres entering the central nervous system 
(21,22). The former appears more likely based on the sequence of he- 
modynamic changes and the platelet clumping that occurred only around 
the 3.4-pm diameter microspheres upon histological examination (8,23). 
The possibility that toxic monomers leaching from the smaller micro- 
spheres could promote vasomotor instability and initiate anaphylaxis 
was considered and discarded when injection of 20 ml of supernate from 
the sphere suspension into a dog caused no change in blood pressure over 
0.5 hr. Furthermore, in vitro analyses of the supernate included UV 
spectra devoid of any peaks characteristic of monomer and a clean TLC 
analysis of a chloroform extract. The amount of residue left after drying 
the chloroform extract was too small to quantitate or to obtain an IR 
spectrum. 


Incorporation of pharmacotherapeutic agents into microspheres for 
intravascular administration appears feasible from a technological 
standpoint and may have the advantages of achieving locally high drug 
concentrations in the target organ. Larger size (7.4- and 11.6-pm diam- 
eter) microspheres lodge in the pulmonary capillary network whereas 
3.4-pm diameter microspheres appear to be taken up by the reticulo- 
endothelial system. These differences in distribution fate following in- 
travenous administration may be of significance in planning future 
chemotherapy of disease of the lungs and reticuloendothelial system. 


CONCLUSION 


This study demonstrates that intravenous administration of particulate 
matter may be associated with significant acute hemodynamic deterio- 
ration in the experimental animal and reveals that very small micro- 
spheres (3.4-pm diameter) have a different distribution fate and time 
course than larger microspheres (27.4-pm diameter). Since the difference 
in distribution is associated with a more severe, acute hemodynamic effect 
than would be expected based on size and number alone, the limitation 
of particulate material for target organ drug administration may be the 
ability to incorporate a therapeutic dose in a finite number of particles 
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Figure 4-Continuous display of the hemodynamic changes in the first 7 min following intravenous administration of 1.41 X 10" microspheres 
of 3.4-pmsize (area = 1.28 X 10l2 pm2and weight = 3525 mg). Ashort lead and exit strip at chart speed of 25 mmfsec areprovided toallow appre- 
ciation of individual waveforms. 
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Figure 5-Acute effect of intravenously administered 3 . 4 - ~ m  spheres 
on mean blood pressure as a function of concentration (r = 0.82). 


determined by their hemodynamic effect. Nevertheless, bolus intravenous 
injections of -1 g of microspheres were administered to beagle dogs 
(13-15 kg) without serious consequences. 


Therefore, the potential exists to incorporate sufficient amounts of 
drug into the microsphere during manufacture to provide therapeutic 
dosages. The influences of particle composition, surface charge, disso- 
lution rate, and antigenicity will need to be determined. Furthermore, 
the acute hemodynamic effect evidenced following administration of the 
3.4-pm diameter microspheres was consistently brief and reversible in 
the smaller dosage range. This finding suggests that a different dosage 
pattern, i .e.,  smaller, more frequent administrations rather than a large 
bolus injection, or slower administration could avoid the risks of hemo- 
dynamic effects, thereby delivering a selected chemotherapeutic agent 
in relatively high local tissue concentrations to the target organ with 
safety. 


Finally, both histological and hernodynamic studies of the long-term 
effects of repeated intravascular injections of microspheres must be 
performed to exclude the possibility of irreversible tissue damage with 
chronic administration. 
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Abstract u Both nonequilibrium and equilibrium models were proposed 
to explain the optimal biological response to a set of congeners with re- 
spect to the oil-water partition coefficient (P). A detailed analysis of the 
kinetic model proposed by Hansch demonstrates the bilinear form of the 
model, with the initial slope of the logarithm of the concentration for 50% 
receptor binding uersus log P having a slope of greater than one. This 
result is in contrast to the equilibrium model for an initial slope of less 
than one. Thus, a criterion is established for deciding whether equilibrium 
or nonequilibrium processes apply. 


Keyphrases Partition coefficients-relationship with biological re- 
sponse, kinetic analysis 0 Models, mathematical-relationship between 
partition coefficient and biological response, kinetic analysis 0 Kinet- 
ics-analysis of relationship between partition coefficient and biological 
response 


Hansch and Clayton (1) documented numerous exam- 
ples of an optimal biological response to a set of congeners 
with respect to the oil-water partition coefficient. That is, 
a plot of the logarithm of the concentration at  which a 
standard biological response is elicited uersus the loga- 
rithm of the partition coefficient exhibits a maximum. 
Hansch and coworkers (2) attributed this maximum to 
nonequilibrium conditions resulting from transport across 
a series of water-oil membranes, and a kinetic model was 
developed to account for the maximum in the partition 
coefficient (2). Rather than extract model parameters from 
the experimental data, they fitted the data empirically 
with parabolic equations. While the parabolic equations 
have no direct relationship to the model, they are a con- 
venient mathematical form for regression analysis. 


McFarland (3) and later Kubinyi (4) employed a prob- 
ability approach to account for the optimum in the parti- 
tion coefficient, and they derived bilinear equations to fit 
the data. Higuchi and Davis (5) constructed an equilibrium 
model as an alternative explanation for the optimal bio- 
logical response, and their model equation also has a bi- 
linear form. Kubinyi (6 )  showed that bilinear equations 
fit the data better than parabolic equations. This finding 
is comforting to the model builder since none of the pro- 
posed models predicts a parabolic equation. 


This paper compares the merits of the various models 
and proposes ways of determining whether equilibrium or 
nonequilibrium processes are responsible for the maximum 
with respect to the partition coefficient. First, the equi- 
librium and probability models are examined. Then the 
kinetic model of Hansch and coworkers (2) is examined in 
detail, and its bilinear form is demonstrated. The kinetic 
model reduces to the equilibrium model a t  infinite time 
and is consistent with what is known about transport. 
Difficulties in the assessment of the probability model 
predictions also are discussed. Time is not explicitly 
mentioned in the development of this model, and it ap- 
pears to be a random walk-type model with probabilities 
obtained from the equilibrium. 


MODELS 


Equilibrium and Probability Models-For the models considered, 
the arrangement of membranes can be represented as in Fig. 1. An 
aqueous reservoir of the active compound is in contact with a series of 
n pairs of lipid-water membranes or compartments. In the last aqueous 
compartment, binding to a receptor occurs. The amount bound to the 
receptor is proportional to C2,,+1Pd, where P is the lipid-water partition 
coefficient, Czn+1 is the concentration in the nth aqueous compartment, 
and a is a constant near unity that expresses a possible difference in the 
lipophilicity between the receptor site and the lipid compartment. Ku- 
binyi (4 )  showed that the equilibrium model of Higuchi and Davis (5) 
could be expressed as: 


a P" 
cr = i g F  (Eq. 1 )  


where C, is the concentration at  the receptor site, a is a proportionality 
constant, and is the ratio of the lipid volume to the aqueous membrane 
volume. Kubinyi (4) modified McFarland's (3) probability model to 
give: 


(Eq. 2 )  


where b is the proportionality constant. The slopes of log C, uersus log 
P predicted by these two models differ. The initial slopes are a and n + 
a for the equilibrium and probability models, respectively; the final slopes 
are a - 1 and a - n ,  respectively. In the equilibrium model, there is no 
unique maximum in P if a = 1. 


Kinetic Model and Solutions-The kinetic model as represented in 
Fig. 1 is characterized by the water-to-lipid rate constant, k, by the 
lipid-to-water rate constant, 1 ,  where P = k / l ,  and by the following: 


(Eq. 3) 


dCj k 21 k -= -C. - -C. + -Cj+l i = 2 , 4 , .  . . 2n  (Eq. 4)  
PVW PVW 


1 - 1  
dt  PVw 


1 
Cj-1 - 2k Ci + - Ci+l i = 3,5 ,  . . . 2n  - 1 (Eq. 5 )  


d C i -  1 
d t  V ,  vw v w  


(Eq. 6) 


Here y is the ratio of the volume of the aqueous reservoir to the volume 
of the aqueous compartment, Vw, and /3 is the ratio of the volume of the 
lipid compartment to Vw. Equations 3-6 can be written in matrix nota- 
tion as: 


c = 3-C (Eq. 7 )  


-i 


-I 
Figure 1-Sequence of lipid-water barriers for transport from reservoir 
to  receptor. 
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Figure 2-Effect of time on Q(r) for n = I ,  p = 1 ,  and y = 1 .  


where C is the time derivative of the 2n + 1 concentrations, C, and 3 is 
the 2n + 1 X 2n + 1 matrix relating C to C. If the eigenvalues of 3 are all 
distinct (7), then C = AeXt is a solution where A, is the eigenvector cor- 
responding to the eigenvalue A,. The general solution for C is given 
by: 


C =  f l A , e X ~ t  0%. 8 )  
2n+l  


,=1 


where the f i  values are determined by the initial conditions: 


CI(0) = C(0) (Eq. 9) 


and: 


C,(O)=O i = 2 , 3 ,  ... 2 n + l  (Eq. 10) 


The quantity of interest is Czn+l(t), which is proportional to the amount 
bound at  the receptor. If 


A(50) = aPC'&'il(t) (Eq. 11) 
where C$Til(t) is the concentration in the receptor compartment for 
which half of the sites, A("), are occupied, then Cf'O)(O), the initial con- 
centration necessary to give half-binding at  time t and for the partition 
coefficient, P ,  can be estimated. That is: 


(Eq. 12) 


since CSn+,(t) = Cl(O)Q,(t), where Qn(t)  is independent of the initial 
concentration and represents the concentration fraction of initial drug 
in the receptor compartment. Thus, a plot of log Qn uersus log P reflects 
the dependence of CtO(0) on P except for the additional slope a. 


The solution (Eq. 8) of Eq. 7 is obtained easily for n = 1: 


C A T )  = CI(O)QI(T) (Eq. 13) 


where: 


Q ~ ( T )  = [2 + Pe-(p+2)r  - ( P  + 2 ) e c P r ] / ( 2 P  + 4) (Eq. 14) 


For this solution, y = f i  = 1, V ,  = 1, and 7 = It. For ashort  time, Q ~ ( T )  
becomes: 


1 
lim Q1(r) = - P T ~  (Eq. 15) 
,-0 2 
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Figure 3-Effect of n on Q(T)  for 7 = 10, 0 = I ,  and y = 1 .  


which is linear in P and quadratic in 7. For values of  n > 1 ,  Eq. 8 was 
solved numerically (8); the results are shown in Figs. 2 and 3, where the 
bilinear nature of the function is clearly seen. The initial slopes (P << 1) 
are proportional to n ,  and the final slopes ( P  >> 1) are all -1. As 7 in- 
creases, the initial slopes all approach zero, the equilibrium value, and 
the position of the maximum with respect to P decreases. The fact that 
all of the final slopes are -1 is just a consequence of equilibrium. The 


= - 01 


= 100 


-1zL 
-4 -3 -2 -1 0 1 2 3 4 
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Figure 4-Effect of 0 on Q(r) for n = 2 and y = 1 
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(6) modification of Eq. 2 must be examiried. He relaxed the parameter 
restrictions in Eq. 2 by writing: 


-& -.v 
-lor 


-12 -I 


7= 


7= 


100 


.01 


1 1 1 1 1  


-4 -3 -2 -1 0 1 2 3 4 
LOG P 


Figure 5-Effect of y on Q(T) for n = 2 and p = 1. 


position of the maximum increases only slightly with n. In Figs. 4 and 5, 
the results are shown for different values of p and y. The decrease in Q ( T )  
with an increase in the partition coefficient occurs a t  higher partition 
coefficient values for the smaller values of T. This decrease occurs a t  lower 
partition coefficient values for larger /3 or smaller y values. 


DISCUSSION 


The kinetic model accounts for transport in the steady-state approx- 
’ imation for diffusion across unstirred boundary layers a t  lipid-water 
interfaces, and it ignores differences in diffusion rates between the lipid 
phase and the aqueous phase. However, this model does approximate the 
effects of nonequilibrium on the concentration at  the receptor site. The 
kinetic model predicts a time dependence for P,,, where P,, decreases 
with time. The probability model and the kinetic model both predict an 
initial slope of n + a for the dependence of log l/Cpo(0) on log P, where 
the equilibrium model predicts an initial slope of a. Thus, if the initial 
slope is greater than or equal to one, nonequilibrium processes obtain; 
if the slope is less than one, the equilibrium model can account for the 
observations. To understand the nonequilibrium models better, Kubinyi’s 


where x: andy are freely adjustable instead of being related by y = 2n (n 
= 1, 2,. , .) and z = n + a where 0 5 a I 1. Thus, Eq. 16 becomes a 
mathematical form to fit data rather than an equation to extract the 
model parameters n and a. Most of the data chosen by Kubinyi (6) to be 
fit by Eq. 16 had z 5 1. This finding indicates that the equilibrium model 
is probably the better choice of operative process even though, with only 
one adjustable parameter, the data are not as well fit by Eq. 1. 


Hansch and Clayton (1) summarized a variety of possible mechanisms 
to account for the portion of the curve that has the negative slope in log 
P. However, as they pointed out, biological data for molecules with large 
P values are difficult to interpret because of the low water solubility. 
Yalkowsky and Flynn (9) showed that the maximum steady-state flux 
drops off as P-6, where 6 is similar in magnitude to a and is an indicator 
of the decrease in water solubility with increased partition coefficient. 
Their model is essentially one of water layers (and, hence, water solu- 
bility) controlling the transport for molecules with high partition coef- 
ficients. Since binding to the receptor is proportional to P“, one expects 
a final slope near zero and an initial slope of 1 + a for cases where their 
model is applicable. 


Since biological data are somewhat difficult to obtain and interpret 
for large partition coefficient values, the data for smaller partition coef- 
ficient values are interpreted most confidently. From the kinetic model 
analysis presented in this report, it is probable that nonequilibrium 
processes are involved when the initial slope is greater than one and that 
equilibrium processes obtain when this slope is less than unity. However, 
the kinetic model at longer times has a wide maximum, and the model 
could be stretched to fit data with initial slopes of less than one. Biological 
data covering a wide range of partition coefficients are needed to dis- 
tinguish between nonequilibrium and equilibrium processes, especially 
in the small partition coefficient region. 
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Selected Companies, may hold particular interest for the latter group. 
For other readers, the chapter is an u n n e c e d l y  lengthy digression from 
the theme. The book deserves library space and would be a useful addi- 
tion to a reading list for an introductory pharmacy course. 


Reviewed by H. John Baldwin 
Behavioral and Administrative Pharmacy 
School of Pharmacy 
West Virginia University 
Morgantown, WV26506 


Analytical Procedures for Therapeutic Drug Monitoring and 
Emergency Toxicology. By RANDALL C. BASELT. Biomedical 
Publications, P.O. Box 495, Davis, CA 95616.1980.316 pp. 18 X 26 cm. 
Price $35.00. 
It is a realistic world that we work in, but one that is governed by 


idealistic regulatory agencies. As this compilation of analytical methods 
points out, one can only generate the “numbers” with the available 
equipment afforded by his or her employer. For example, you cannot 
determine the blood level of phencyclidine by nitrogen-specific GLC if 
all you have available is a dual-beam spectrophotometer. On the other 
hand, you will never achieve the sensitivity needed for phencyclidine 
detection using a dual-beam spectrophotometer. Baselt is realistic in 
pointing out that not all laboratories are equally equipped and that one 
may have to sacrifice some accuracy for speed, depending on the situa- 
tion. 


The book presents alphabetically a series of potential quantitative 
methods for 84 drugs and some general screening procedures. The drugs 
and chemicals included are those generally encountered by the clinical 
chemist and analytical toxicologist. For example, GLC procedures are 
given for ibuprofen, ketamine, and methylphenidate. Three methods are 
given for the oral hypoglycemics. Blood levels in the therapeutic and toxic 
ranges are given for each drug. 


The introduction could have included some guidelines for the inter- 
pretation of the blood levels given for therapeutic, toxic, and lethal 
concentrations. Consideration must be given to whether these levels were 
obtained from human or animal data. Also, lethal levels may be those 
reported from only a single, isolated case or may represent a minimum 
lethal level. Consideration also must be given to any disease states or 
tolerance the person may have to a particular drug. 


In general, the book lacks any specific indications of the factors that 
affect blood drug levels. The book deserves consideration and will serve 
as a reference in any forensic or clinical laboratory. It is useful for new 
laboratories or for laboratories that are expanding the number of tests 
they perform. It also gives important information concerning the 
equipment and supplies necessary in establishing an analytical toxicology 
laboratory. 


The greatest utility of this book will be for analytical toxicologists, 
pathologists, and medical technologists in a large teaching hapital where 
emphasis is placed on therapeutic drug monitoring. 
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Duquesne University 
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How to Write and Publish a Scientific Paper. By ROBERT A. DAY. 
IS1 Press, 325 Chestnut St., Philadelphia, PA 19106.1979.160 pp. Price 
$8.95. 
This valuable and witty book was written by a managing editor with 


25 years of experience. Until this year, he was managing editor for the 
journals published by the American Society for Microbiology. The first 
15 of the 26 chapters deal with the preparation of the different elements 
of a manuscript, beginning with a definition of a scientific paper and 
ending with where and how to submit the manuqcript. The next two 
chapters describe the review and publishing processes. Chapter 22 is on 
ethics, rights, and permissions. The next three chapters discuss the use 
and misuse of English. 


I recommend the book to authors and editors. If authors would learn 
its lessons, editors would return fewer manuscripts to be rewritten due 
to poor style. Perhaps editors should enclose a copy of the book with re- 
turned manuscripts! The book should be required reading for those who 
prepare internal documents in our institutions-academic, corporate, 
and governmental. 


The next edition should have a chapter on footnotes, one on the metric 
system, and one directed to the typist. Manuscripts are received with 
footnotes typed single spaced at the bottom of the page. Too many au- 
thors of documents do not know how to abbreviate the metric or English 
system of units. The appendix on accepted abbreviations in this book 
gives the abbreviations for cubic centimeter, gram, and liter but not for 
milliliter. Typists must receive on-the-job training in manuscript prep- 
aration; their schools do not teach them, nor apparently do their em- 
ployers. 


Reviewed by Frederick Kavanagh 
829 36th St., N .  W.  
Coruallis, OR 97330 
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Abstract A TLC system sensitive enough to detect, identify, and allow 
quantitation of the 16-methyl a- and 8-epimers of 9-fluoro-llp-hy- 
droxy-16-methylandrosta-1,4-diene-3,17-dione is described. These ep- 
imeric 17-ketones may be present as impurities in dexamethasone, be- 
tamethasone, or related drugs. A spectrodensitometer with a TLC 
scanning attachment was used, and results from densitometry compared 
favorably with quantitation by high-performance liquid chromatography, 
as was described recently. TLC was convenient in the rapid examination 
of drug samples for the detection and identification of epimeric 17-ke- 
tones and for the determination of the a to p ratio of such epimers. 
Various applied photographic techniques for documenting TLC data are 
described. 


Keyphrases 0 TLC-detection and identification of 16a- and 168- 
methyl epimers of 9-fluoro-ll~-hydroxy-16-methylandrosta-l,4- 
diene-3,17-dione, impurities in dexamethasone, betamethasone, and 
related drugs 0 Dexamethasone impurities-16a- and 16P-methyl17- 
ketone oxidation products, identification and quantitative detection by 
TLC 0 Epimers-16a- and 16@-methyll7-ketone oxidation products, 
possible impurities in dexamethasone, betamethasone, and related drugs, 
TLC detection and identification of a- and 8-epimers 


The TLC or partition chromatography of CIS steroid 
estrogens (1-3), C19 androstanes (4-6) such as androgenic 
hormones, Czl pregnanes (7-10) including cortisone, and 
the related oxygenated derivatives of these families is 
documented. The C22 steroids such as dexamethasone and 
betamethasone and their C20 oxidation products have not 
received such detailed study. 


Interest has developed in qualitative and quantitative 
studies of these epimeric C20 oxidation products by high- 
performance liquid chromatography (HPLC) (11) and 
TLC (12) because of their presence as impurities in dexa- 
methasone (11-13) and dexamethasone sodium phosphate 
(I) drug samples. Inherently, the Cz2 steroids and their 
17-0x0 derivatives possess a structural feature not exhib- 


ited by the C19 and Czl steroids and their oxygenated de- 
rivatives, namely, an optical center resulting from the 
additional methyl group at  the C-16 position. These ep- 
imeric optical isomers were subjected to HPLC and TLC 
in this study. 


BACKGROUND 


The 17-0x0 derivative, i.e., 9-fluoro-ll~-hydroxy-16-methylan- 
drosta-1,4-diene-3,17-dione (epimers IIa and IIP), recently was reported 
to be present (12) at -2% as an impurity in drug products from five of six 
dexamethasone manufacturers for the Canadian market. In addition, 
a massive contamination (50%) by the a- and P-epimers of this ketone 
(IIa and IIB) was reported (11) in a commercial sample of dexamethasone 
sodium phosphate (I) solution for injection. In that study ( l l ) ,  it was 
found by HPLC that this 17-keto oxidation product was actually an ep- 
imeric mixture of the 16a- and 16a-methyl compounds and that the a 
to ,B ratio could be determined approximately. Identification of the 16- 
methyl 17-ketone epimers (IIa and Up) by TLC systems similar in nature 
to the reversed-phase HPLC system was attempted, but the TLC systems 
failed to separate the a- and 8-epimers; dexamethasone acetate, a related 
compound, consistently exhibited the same Rf value as the epimers 
(11). 


Another report (12) indicated that separation between the 16a- and 
16p-methyl epimers (IIa and IIp) can be effected by TLC (R f  0.60 and 
0.59, respectively). The epimeric corticosteroids, dexamethasone and 
betamethasone, which differ in configuration at  the C-16 optical center, 
were separated by paper chromatographic liquid partition (14). General 
techniques for photographic documentation of data collected on TLC 
plates were reported (15). 


A method to determine the a to p epimeric ratio of the impurity is 
important because the components of the impurity are diastereoisomeric 
with different physiological properties and, consequently, different effects 
on the patient. An overview of possible physiological effects of such 
contamination, including references, was given previously (11). 


The aim of the present work was to develop a TLC technique that al- 
lows identification of epimeric 16-methyl 17-ketones (Ira and IIP) in 
samples of drugs related to dexamethasone. Furthermore, the method 
must determine the a to 13 ratio of the impurity. In the first part of the 
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study, the TLC method was evaluated as a qualitative tool for detection 
of the epimeric 16-methyl 17-ketones in drug samples submitted to this 
laboratory for quality assurance studies; such a method must be conve- 
nient and flexible, including reliable procedures for documentation of 
results. In the second part, the suitability of the TLC method was in- 
vestigated for quantitative measurement of the epimeric ketones. 


EXPERIMENTAL 


Instruments-A spectrodensitometer' with a TLC scanning attach- 
ment and basic computing readout system, a UV-near-IR spectropho- 
tometer2, and a grating IR spectrophotomete9 were used. Melting points 
were taken with a microscopic4 melting-point stage5. An analytical bal- 
ance6 equipped with a printer was used to weigh samples for quantitative 
TLC. A W viewing box7 and a tracing tables were used for observing and 
photographing TLC spots under UV irradiation or by transmission of 
white light. A calculator-printerg was used for statistical calculations. 
A 35-mm camera with black and white, color, and slide film was 
used'O. 


Reagents, TLC Plates. and Pipets-Acetone and antimony tri- 
chloride were analytical reagent grade. Chloroform was NF  grade. 
Bratton-Marshall reagent" was used as received. Absolute methanol 
was analyzed reagent grade. TLC plated2 were precoated with silica 
gel. 


Dexamethasone NF, betamethasone NF, and dexamethasone phos- 
phate USP reference standards were used. Dexamethasone phosphate 
disodium salt was obtained as a research sample13. micro pipet^'^ were 
used in TLC. 


Preparation of 9-Fluoro-ll~-hydroxy-16a-methylandrosta- 
1,4-diene-3,17-dione (IIa) and b-Fluoro-ll~-hydroxy-16~-methyl- 
androsta-1,4-diene-3,17-dione (IIB)-These compounds were syn- 
thesized for use as analytical standards by a modification (11) of the 
procedure of Rausser and Oliveto (16). The epimers were recrystallized 
twice to provide adequate purity. The a-epimer was recrystallized from 
acetone and hexane (16), and the P-epimer was recrystallized from 
methanol. The standards were dried in a drying apparatus a t  55O and 5 
mm and stored in a desiccator over phosphorus pentoxide overnight. 
Their purities were assessed from their melting points, UV and IR 
spectra, and TLC chromatograms. 


TLC-A11 substances in methanol were spotted at  origins 15 mm from 
the base of the plate. The chromatograms were developed with chloro- 
form-acetone (91) until the solvent front ascended 170 mm above the 
origins. Equilibrated plate development was achieved in a Desaga gas- 
flushing tank fitted with stopcocks that allowed both addition of the 
mobile solvents and relief of any pressure imbalance arising from solvent 
mixing after the tank was covered. The spotted plates were developed 
three times before they were scanned with the densitometer. Plates used 
for quantitative determinations were scored 170 mm from the origin (15 
mm from the top). 


Sample Preparation and Procedure-Qualitative TLC was per- 
formed on the synthesized a- and P-epimers (IIa and IIB), dexametha- 
sone, betamethasone, dexamethasone acetate, dexamethasone phosphate, 
and dexamethasone phosphate disodium salt as well as on the epimeric 
impurity (IIa and IIP) obtained from a contaminated commercial sample 
of the dexamethasone phosphate disodium injection solution. The 
densitogram of the epimeric impurity from the drug sample was com- 
pared with a chromatogram obtained from HPLC examination of another 
sample of the epimeric impurity extracted from the same batch of the 
commercial dexamethasone phosphate disodium solution for injection. 
The sample of the epimeric impurity and its high-performance liquid 
chromatogram were provided by the authors of the HPLC study (11). 
This qualitative work (11) included studies on the photographic methods 


1 Model SD 3000, Schoeffel Instrument Corp., Westbrook, NJ 07675. * Model ACTA MIV, Beckman Instruments, Fullerton, CA 92634. 
Model 337. Perkin-Elmer Corm. Norwalk. CT 06856. 


'Carl Zeiss,'New York, NY l00i8. 
Kofler, Arthur H. Thomas Co., Philadelphia, PA 19105. 
Mettler balance model HL 52 and minter model GA 20. Mettler Instrument 


Cor , Hightatown, NJ 08520. 
'khromato-we, model CC-20, Ultraviolet Products, San Gabriel, CA 91775. 


lo Canon FTb 35-mm camera, Kodak Plus-X panchromatic, Kodacolor 11, and 


Model 5-52 reader, Ionker, Gaithersburg, MD 20760. 
Model 9100A, Hewlett-Packard, St. Louis, MO 63144. 


Kodachrome 64 film. 
!l Certified ACS. 
62 Silica gel 60 F-254 and silica gel 60, E. Merck Laboratories, Elmsford, NY 


1 nsm _""I-. 
l3 Merck Sharp and Dohme Research Laboratories, West Point, PA 19486. 
l4 Drummond Scientific Co., Broomall, PA 19008. 


Table I-Peak Heights of Epimeric 16-Methyl 17-Ketones in 
Synthetic Mixtures and Drug Impurity * 


Peak Heights*: 
17-Ketone, '70 a 


Sample a B a+B cv 
1 20 80 0.286 1.32c 
2 30 70 0.371 1.10 
3 40 60 0.451 0.95 
4 50 50 0.527 0.68 
5 fin An 0.597 0.70 . -_ -- 
6 70 30 0.677 0.78 
7 Impurity 0.721 0.72 
8 80 20 0.757 0.76 


Each plate was spotted once with each sample. Average peak hei ht  fractions 
obtained from densitograms from 12 TLC plates. Some plates f a i d t o  show ap- 
preciable resolution (Sample 1) because of nearness (1 cm) of the spot to the edge 
of the plate. Half of the plates gave resolution adequate to permit measurement. 


of documentation conducted on concocted mixtures of the synthesized 
epimers (IIa and IIP) and on the natural epimeric impurity (IIa and IIB) 
found in a commercial injection solution of I. 


The epimers (IIa and IIP) were freshly synthesized for the quantitative 
study, and a sample of the drug impurity was freshly extracted. The 
prepared standard mixtures, containing various ratios of the synthesized 
a- and P-epimers, and a sample of the epimeric impurity extracted (11) 
from the commercial dexamethasone phosphate disodium injection so- 
lution were subjected to TLC. Quantitative data on the epimeric com- 
position were collected by measuring the peak heights of the a- and 
8-epimers in densitograms of the standard 17-ketone mixtures and of the 
sample impurity. 


For the quantitative study, six pairs of TLC plates were prepared. Eight 
spots of solutions were applied to each plate from a 1-pl pipet handled 
with a clamp. The spots were placed 25 mm apart, starting 10 mm from 
the left side of the plate. (The spots nearest the edges of the plate were 
used to evaluate the influence of "spot edge" proximity on densitometric 
measurements.) Each pair of plates was developed simultaneously in the 
same tank and subjected simultaneously to densitometry at a later date. 
In accordance with the data shown in Table I, the spots were numbered 
in increasing order from left to right; each spot contained either a mixture 
of the synthesized reference standards or the impurity from the drug 
sample. 


Only one pair of plates was not from the same original manufacturer's 
packed carton. This pair and another pair were developed simultaneously 
three times in the same tank. Between the spotting, development, and 
densitometry steps, no special arrangements were made for storing the 
chromatographic plates other than keeping them in a closed cardboard 
box. 


Stock solutions were prepared by individually dissolving 50.12 mg of 
a-epimer and 50.11 mg of 8-epimer in 50.00 ml of absolute methanol. 
With these convenient concentrations (1.0 mg of 17-ketone/ml) and the 
use of volumetric pipets, mixtures of the synthetic 17-ketones with the 
percentages of a- and B-epimers designated in Table I were prepared. 
A freshly extracted sample of epimeric 17-ketones obtained from a pre- 
viously described (11) sample of contaminated dexamethasone phasphate 
disodium was dissolved in methanol to give a concentration of -1 mg/ml. 
The sample solutions were concentrated fivefold to provide concentra- 
tions within the range of those of the standard mixtures used to spot the 
TLC plates. 


Treatment of Plates for Identification and Photography of 
Chromatographic Spots-Several methods were used to locate spots 
on the TLC plates. In the first method, the plates were viewed under 
shortwave UV irradiation, and the spots were located through fluores- 
cence diminution of the fluorescent silica gel material. In the second 
method, the plates were sprayed heavily with a saturated solution of 
antimony trichloride in chloroform and then placed in an oven at  110' 
for 15 min. If the spots were not dark enough, the process was repeated. 
The spots also were observed by their fluorescence under longwave UV 
light. In a third procedure, the nonfluorescent plates were sprayed with 
a fluorescent material, Bratton-Marshall reagent, prepared by dissolving 
200 mg of N-(1-naphthy1)ethylenediamine dihydrochloride in 10 ml of 
deionized water and adding 90 ml of methanol. 


Black and white photographs of the fluorescent plates were taken at 
a view box under shortwave UV excitation. To photograph the colored 
spots obtained by treatment with antimony trichloride and heat, the plate 
was placed on the lighted surface of a tracing tables and photographed 
in color or black and white from above by transmitted light. The fluo- 
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a- 
b- 


Figure I-Densitogram (a) and HPLC 
chromatogram (b) of drug impurity con- 
taining 16a- (left peak) and 16B-methyl 
(right peak) 17-ketones. 


rescence of these spots was also photographed by irning the TLC plate 
upside down and photographing the back (glass) side of the plate in a view 
box under longwave UV irradiation. 


Spectrodensitometry-The operating conditions included a 150-w 
xenon lamp as the light source, an excitation wavelength of 240 nm, 2-mm 
band slit widths, a 3-mm plate beam width, a 10-mm plate beam length, 
measurement in reflectance and double-beam modes, a scanning speed 
of 1.27 cm/min, and a paper speed of 3.8 cm/min. 


RESULTS AND DISCUSSION 


Figure 1 shows a superimposition of the densitogram of the TLC sep- 
aration (curve a) and the chromatogram of the HPLC separation (curve 
b); both demonstrate the separation of the a- and P-epimers of the im- 
purity from the commercial drug injection. The TLC and HPLC esti- 
mations are in good agreement, and both indicate that the a- and P-ep- 
imers (IIa and IIB) were -3:1, respectively. Three developments of the 
TLC plate appeared to give the most satisfactory chromatograms. 


The UV spectra of all materials were obtained just before qualitative 
chromatography, and no photodecomposition was detected by this 
method. The epimeric mixture from the drug impurity (IIa and IIB), the 
synthesized a-epimer, and the synthesized P-epimer each showed max- 
imum absorption at 240 nm, in agreement with reported values (11). 


Table I1 gives Rf values obtained after one ( R f ) ,  two ( R z f ) ,  and three 
(R3j) developments for densitometry. Table I1 includes data (under R2f)  
on the use of nonfluorescent silica gel plates; these plates were sprayed 
with Bratton-Marshall reagent prior to viewing under shortwave UV 
light. Dexamethasone acetate was clearly detectable in the presence of 
dexamethasone or its epimeric 17-ketone oxidation products. 


The system described here lends itself to the direct inspection of 
dexamethasone phosphate disodium drug samples and related samples 
for the presence of epimeric 16-methyl 17-ketones and possibly other 
oxidation products or impurities (Table 11). To promote this objective, 
the TLC system retains dexamethasone 21-phosphate and dexametha- 
sone 21-phosphate disodium at the origin, thus preventing interference 
with spots representing possible impurities being investigated, and dis- 
tinguishes between dexamethasone 21-acetate, which is sometimes found 


Table 11-Rp Values * of Substances Studied 


Substance Rfb  Rzfc  R3fb 


16a-Methyll7-ketone (IIa) 0.29 0.557 0.63 
16gMethyl 17-ketone (110) 0.26 0.483 0.58 
Dexamethasone 0.005 0.103 0.12 
Betamethasone 0.005 0.097 0.11 
Dexamethasone acetate 0.20 0.40 0.45 
Dexamethasone 17-phosphate and 17- 0.00 0.00 0.00 


DhosDhate disodium 


0 The adsorbent waa silica el, and the solvent waa chloroforn-acetone (9:l). The 
Rf values are given for pletes feveloped once (f), twice (Zf) ,  or three times (3f). * The 
R/ and R31 data were collected from the same fluorescent silica gel plate under 
shortwave UV light; alternatively, the plate was treated with antimony trichloride 
followed by heat and observed under longwave UV li ht The silica gel plate was 
s rayed with Bratton-Marshall reagent and viewe2 under shortwave UV light; 
afkrnatively, the plate waa treated with antimony trichloride followed by heat and 
observed under longwave UV light. 


at low levels in drug preparations of the respective parent corticosteroid 
(12), dexamethasone, and its 17-ketone oxidation products. 


Furthermore, this method offers an Rj of about 4 . 3  for the epimeric 
impurity; this Rj is ideal for multiple development of TLC plates because 
it allows maximum separation within the limit of two or three develop- 
ments usually imposed by the time available to analyze one sample and 
by diffusion. Moreover, the Thoma (17) equation indicates that the ideal 
number of developments (No,t) to obtain the maximum separation by 
unidimensional multiple chromatography of the two epimers with an 
average Rf value of 0.275 (R;)  is approximately three: 


-1 
In 0.725 


- 3.1 -1 - 
In (1 - R;) Nopt = (Eq. 1) 


Theoretical consideration of the steric nature of the 17-ketone also 
suggests that adsorption occurs on the underside or a-side of 9-fluoro- 
11~-hydroxy-16-methylandrosta-l,4-diene-3,17-dione (11) where steric 
hindrance is minimal. In these terms, IIa would be adsorbed less firmly 
than IIp, which is consistent with the observed, faster migration found 
for the a-epimer in the present TLC study and the previous HPLC study 
(11). 


Vertical diffusion was diminished somewhat in the unidimensional 
multiple chromatography procedure in a fashion similar to that observed 
in multiple development or programmed multiple development; with the 
proper developing solvent, programmed multiple development causes 
more rapid migration in the lower areas of the spot, and this engenders 
longitudinal narrowing (18-20). Under the conditions investigated, more 
than three developments offered no improvement in separation. No at- 
tempt was made to examine centered programmed multiple development 
(18,21) to improve the densitogram resolution. 


Paper chromatographic liquid partition was described for identification 
of the epimeric corticosteroids dexamethasone ( R j  0.21) and beta- 
methasone (Rf  0.16) by a 35-cm descending development with a mobile 
phase of chloroform saturated with formamide on filter paper15 im- 
pregnated with 40% formamide in methanol (14). This method seemed 
to offer good prospects for separation of the epimers (IIa and UP), which 
differed from one another by configuration at  the C-16 optical center in 
the exact same manner as the corticosteroids. Unfortunately the epimers 
followed the solvent front in this chromatographic system. A convenient 
TLC method to distinguish between dexamethasone and betamethasone 
would be to stir the material in question with sodium bismuthate in u 
suitable solvent, such as aqueous acetic acid, and to analyze a portion of 
the solution for 16a- or 160-methyl 17-ketone by TLC with the use of 
reference materials. 


In the quantitative studies, location of the spots on the plates was fa- 
cilitated by placing the chromatograms under shortwave UV light. The 
spots then were subjected to densitometry in the reflectance mode with 
irradiation at 240 nm. Twelve pairs of resolved peaks (a- and P-epimers) 
from 12 plates were obtained for each standard mixture and sample, 
except for Standard Mixture 1 (20% a and 80% p). This mixture was 
spotted close (10 mm) to the edge of the plate, and occasional drift to the 
edge occurred, disrupting the chromatogram. In six cases where drift to 
the edge did not occur, excellent results were obtained and were included 
in the statistical calculations. 


Small differences in the time chosen for spotting, development, and 
densitometry appeared to make little difference in the peak ratio data 
obtained. In one case, 3 days elapsed between spotting and development 


Whatman No. 1, Whatman Inc., Clifton, NJ 07014. 
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Table 111-Treatment of Plates for Identification and 
Photography of Chromatographic Spots 


TLC Spot Colors on 
Prints: - ~ ~ ~ ~ . -  


ColorIBackground 
Com- Band W Color 


Irradiation Technique pounda Film Film 


Untreated Fluorescent Plate 
Shortwave Fluorescence 2 BIW - uv extinction 


Fluorescent Plate Treated with Antimony Trichloride and Heat 
White Transmitted and D BIW YOlW 


light reflected light B BIW YObV 
a 


a WIB YIB 
WIB YIB 


E A  WIB RIB 
Nonfluorescent Plate Treated with N-1-(Naphthy1)ethylenediamine 
Shortwave Fluorescence 2 BIW - uv extinction 


D = dexamethasone, B = betamethasone, 01 = IIa, 0 = IIP, DA = dexametha- 
sone acetate, and Z = all previously listed compounds. * B = black, W = white, Y 
= yellow, YO = yellowish orange, P = purple, and R = red. 


of the plates, and 2 more days passed before densitometry was carried 
out; no significant difference in the results or peak ratios was observed. 
In fact, the plates may be stored for a t  least 2 months before densitom- 
etry. One plate was reexamined by densitometry 2 months later, and a 
comparison of data from both densitograms of this plate showed no sig- 
nificant difference. Another pair of plates taken from a different carton 
from the same manufacturer showed no difference in peak ratios when 
compared with the other plates. 


The peak heights (represented as a and p in Table I) were measured 
and are presented as the ratio of the a-epimer to the sum of the a- plus 
6-epimers. Under ideal conditions, if this ratio is plotted against the 
percent of the a-epimer, a linear correlation should be obtained. The 
average ratio of each standard mixture and of the drug impurity is given 
in Table I. The peak heights obtained from the sample and from each 
standard mixture show good agreement and low coefficients of variation. 
A plot of the percent of the a-epimer uersus the ratio of the a- and 
0-epimers placed all points practically on a straight line. A linear re- 
gression analysis of all 78 data from the standards gave y = 0.770~ + 
0.139, where y is the ratio defined earlier and x is the percent of the 
a-epimer, and a correlation coefficient ( r )  of 0.99925. From the peak 
height ratio of the impurity from the drug sample and the plot of the 
standard data, it was found that the impurity was composed of 75.2% 
a-epimer and 24.8% P-epimer. The peak of the B-epimer was broader and 
shorter than that of the a-epimer, and the p peak overlapped its neigh- 
boring a peak to a greater extent than the reverse effect. These factors 
give rise to the characteristics of the linear equation and the standard 
plot. 


Stereoisomers often fail to separate chromatographically or may give 
incomplete resolution as was observed for the epimeric compounds in 
the present study. A peak ratio approach then may be desirable for 
quantitative studies, especially when the overlapping peaks are not 
symmetrical. In such an approach, the unknown sample is compared with 
a series of standard mixtures, each possessing a different ratio of the two 
contaminants. Groups of chromatograms must be examined; thus, a 
technique that offers simultaneous chromatographic determination is 
an asset. TLC provides an excellent means of collecting groups of data 
under similar conditions. 


Operation of the spectrodensitometer was most efficient when the spots 
were applied 25 mm apart. By placing one spot 10 mm from the left edge 
and another 15 mm from the right edge, it was possible to evaluate 
whether the proximity of the spot to the edge of the plate influenced the 
analytical result. Spots placed 10 mm from the edge of the plate acca- 
sionally ran off the plate. Chromatograms not suffering from this dis- 
ruption gave good results. However, only seven spots should be applied 
to a 20 X 20-cm plate. 


The treatment of TLC plates for identification of the chromatographic 
spots is described in Table 111. Fluorescent plates may be documented 


permanently by photography under shortwave UV irradiation in a view 
box. 


Plates treated with antimony trichloride and heat gave yellow-orange 
spots for the epimers (IIa and IIP), dexamethasone, and betamethasone 
but light-purple spots for dexamethasone acetate under white light. 
Distinct photographs showing black or colored spots on a white back- 
ground were obtained by placing the TLC plates on a tracing table and 
photographing the transmitted white light. 


Under longwave UV light, the spots obtained by treatment with anti- 
mony trichloride and heat fluoresced. In this case, the best results were 
obtained by photographing the plates upside down in the UV chamber; 
ideally, only the longwave exciting light will penetrate the glass, and only 
the colored fluorescent emitted light will transmit for the photographic 
record. The sorbent itself on the plate does not fluoresce. When these 
sprayed plates were viewed under longwave UV light, the epimers (IIa 
and I@), dexamethasone, and betamethasone appeared as yellow spots, 
whereas dexamethasone acetate appeared as a red spot. 


With nonfluorescent plates, it is possible to apply a fluorescent material 
to the plate after development to observe the chromatogram by fluores- 
cence diminution. This technique was effective when chromatograms of 
the epimers (IIa and IIB) were sprayed with Bratton-Marshall reagent, 
N-(1-naphthyl)ethylenediamine, for subsequent viewing under shortwave 
UV light [Tables I1 (Rzf) and 1111. 


Methods for positive and permanent documentation of laboratory 
results are important, particularly to regulatory bodies such as the Food 
and Drug Administration; photographic techniques were stressed in the 
present TLC study. Applied photographic documentation was discussed 
recently (15), and the general techniques were employed in this study. 


The TLC system allows simultaneous detection of some related sub- 
stances of interest in drug monitoring (Tables I1 and 111), and densi- 
tometry is convenient for determining the relative amounts of 16a- and 
16P-epimers of the 17-ketone impurity in dexamethasone-related drugs 
(Table I). There are distinct advantages in the use of TLC instead of 
HPLC for the analysis of 17-ketone oxidation products in dexamethasone 
phosphate disodium samples. When many samples must be examined 
for this contamination, a rapid qualitative technique such as TLC is ideal. 
The equipment is commonly available. With current techniques for 
multiple spotting and development, the method allows the simultaneous 
examination of numerous drug samples, a situation frequently encoun- 
tered in drug-monitoring programs. The stability of the TLC chro- 
matograms permits storage for reference, documentation by photography, 
and subsequent densitometry at  the convenience of the analyst. 
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Abstract 0 Three trace impurities found in 4-acetyl-2-(2’-hydroxy- 
ethyl)-5,6-bis(4-chlorophenyl)-2H-pyridazin-3-one (II), a novel anti- 
hypertensive agent, were isolated by a combination of low-pressure liquid 
chromatography and preparative TLC. These impurities were identified 
as the formate ester of 11, a pyridazinone having a 2-methyl rather than 
the 2’-hydroxyethyl substituent, and a bis(pyridazinony1)methane analog. 
In addition, the product of 0-alkylation rather than of N-alkylation of 
4-acetyl-5,6-bis(4-chlorophenyl)-2H-pyridazin-3-one (I) with ethylene 
carbonate was detected by high-performance liquid chromatography. 
The biological activity of these four impurities was compared to that of 
11. 


Keyphrases 4-Acetyl-2-(2’-hydroxyethyl)-5,6-bis(4-chlorophenyl)- 
2H-pyridazin-3-one-synthesis, isolation of impurities by low-pressure 
liquid chromatography and preparative TLC and identification by 
high-pressure liquid chromatography, biological activity of impurities 
compared with parent compound High-pressure liquid chromatogra- 
phy-identification of impurities in 4-acetyl-2-(2’-hydroxyethyl)-5,6- 
bis(4-chlorophenyl)-2H-pyridazin-3-one, isolation of impurities by 
low-pressure liquid chromatography and preparative TLC Antihy- 
pertensive agents-4-acetyl-2-(2’-hydroxyethyl)-5,6-bis(4-chlorophe- 
nyl)-2H-pyridazin-3-one, isolation and identification of impurities, 
high-pressure liquid chromatography 


The purification of a biologically active substance prior 
to pharmacological or toxicological evaluation is important 
in drug development. Such care is essential so that bio- 
logical activity (including toxic effects) of trace impurities 
are not attributed to the molecule of interest. To ensure 
that trace impurities are innocuous, the biological activity 
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of these substances can be studied independently if iso- 
lation, identification, and synthesis of the impurity can be 
successfully completed. The recent investigations of 
Reepmeyer and Kirchhoefer (1, 2) on the isolation and 
quantification of trace impurities in aspirin illustrate such 
an undertaking. 


4-Acetyl-2- (2’-hydroxyethyl) -5,6-bis(4-chlorophenyl)- 
2H-pyridazin-3-one (11) is an antihypertensive agent 
prepared as illustrated in Scheme I. The various batches 
of I1 prepared in this manner have -0.5% impurities after 
recrystallization. As part of a program (3,4) to evaluate this 
compound, the major trace impurities present in the re- 
crystallized material were isolated, identified, and syn- 
thesized. The antihypertensive activity and acute toxicity 
of four trace impurities were investigated. 


EXPERIMENTAL’ 


Instruments-Melting points were determined on a capillary melt- 
ing-point apparatus2 and are uncorrected. NMR spectra were determined 
on a 90-MHz Fourier transform spectrometer3 with tetramethylsilane 
as the internal reference. IR spectra were obtained on a grating spec- 
trophotometer* as potassium bromide disks. Electron-impact mass 
spectra5 were obtained by direct-sample inlet. 


Chromatography-A low-pressure column was filled with dry silica 
gel (0.032-0.063 mm), and toluene-ethyl acetate-acetonitrile (2:l:l) 
(Solvent 1, Fig. 1) was pumped through the column until all air bubbles 
were removed. Column dimensions were 91 X 2.5 cm. Compound I1 (4.996 
g) was dissolved in dimethylformamide (27 ml). Ten milliliters of this 
solution was injected onto the column, and the compound was eluted with 
Solvent 1. Fractions of 15 ml each were collected. The remainder of I1 was 
injected onto the column after the first injection had eluted. Fractions 
11-28 and 74-84 (second injection) were combined to give A (Fig. 1). 


A preparative thin-layer6 plate (20 cm X 20 cm X 1.0 mm) was cleaned 
by eluting with acetone and then dried. Fraction A was dissolved in 
chloroform and applied to the preabsorbent. The plate was then eluted 
with Solvent 2. Subsequent preparative layer separations are summarized 
in Fig. 1. 


High-performance liquid chromatography7 (HPLC) with UV detec- 


Elemental analyses were performed on a Perkin-Elmer model 240 carbon, hy- 
drogen, and nitrogen analyzer by the Central Analytical Department, Diamond 
Shamrock Cor . 


WH-90 Fourier transform NMR soectrometer. Bruker Instruments Inc., Bil- 
* Thomas-$wver, Arthur H. Thomas Co., Philadelphia, Pa. 


lerica, Mass. 
Model 297, Perkin-Elmer Corp., Norwalk, Conn. 
VarianlMAT-CH-7 mass soectrometer with SS-166 data systems, Varian As- 


sociates, Palo Alto, Calif. 
SiOz PLQF 1O00, Quantum Industries. 
Model 100 solvent delivery system (Altex Scientific, Berkeley, Calif.) with a 


model CV-6-UHPa-N6O sample injector (Valco Instrument Co., Houston, Tex.). 
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Abstract 0 A sensitive assay is described for quantitating plasma cap- 
topril levels. Captopril is an orally active inhibitor of angiotensin-con- 
verting enzyme. Blood from patients taking this drug was collected into 
tubes containing edetate and ascorbic acid, and the plasma was separated 
by centrifugation. After addition of an internal standard, the plasma was 
deproteinized and the supernate was adjusted to pH 6.5. N - (  1-Pyrene)- 
maleimide was added to derivatize captopril and an internal standard 
to fluorescent adducts. These derivatives then were extracted into ethyl 
acetate-benzene (1:l) and separated from other derivatized thiols by 
high-performance liquid Chromatography. The sensitivity of the assay 
was 150 pmoles/ml. Preliminary pharmacokinetics were obtained in 
patients taking captopril chronically for essential hypertension. After 
administration of 100 mg of captopril to patients who had fasted over- 
night, the plasma levels rose rapidly; peak levels were obtained at  -37 
min. Thereafter, the plasma levels declined rapidly, and the terminal 
half-life was -40 min. In these patients, the time course of the plasma 
levels did not reflect changes in blood pressure, so there appeared to be 
no direct relationship between plasma levels of the parent compound and 
blood pressure changes. 


Keyphrases 0 High-performance liquid chromatography-analysis of 
captopril in plasma Captopril-analysis using high-performance liquid 
chromatography 0 Antihypertensives-high-performance liquid chro- 
matographic method for captopril 


Captopril (D-3-mercapto-2-methylpropanoyl-L-proline, 
I) is a potent and selective inhibitor of angiotensin-con- 
verting enzyme (kininase 11) (1). Oral captopril adminis- 
tration lowers blood pressure in laboratory animals with 
experimental hypertension (2,3) and in hypertensive hu- 
mans (4, 5). Since the reductions in blood pressure ap- 
parently are related to the inhibition of angiotensin-con- 
verting enzyme (5), captopril appears to be the prototype 
of a new class of antihypertensive drug. 


The disposition of captopril has been reported only in 
normotensive subjects taking an oral formulation of 35S- 
labeled captopril (6). The present paper reports the de- 
velopment of a sensitive high-performance liquid chro- 
matographic (HPLC) assay for quantitating captopril in 
plasma and its application to a preliminary study of cap- 
topril pharmacokinetics in patients undergoing a clinical 
trial for the management of essential hypertension. 


EXPERIMENTAL 


Instrumentation-Assays were carried out using a constant-flow, 
high-performance liquid chromatograph'. It consisted of a solvent de- 
livery system2, a universal injector3, a radial compression module4 with 
a reversed-phase permanently bonded octadecylsilane cartridges (10 cm 
long X 8 mm id.), and a spectrophotofluorometer6 equipped with a 2 0 4  
flow-through quartz cell and a 150-w xenon arc lamp with excitation and 
emission monochromators set at 340 and 390 nm, respectively. 


Waters Associates, Chippendale, Australia, 2008. 
Model 6000A, Waters Associates. 
Model U6K, Waters Associates. 
Model RCM-100, Waters Associates. 
PAK A cartridge, Waters Associates. 
Farrand Optical Co., New York, N.Y. 
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Reagents-Captopri17 and an internal standard6 [(4R)-2-(2-hy- 
droxyphenyl)-3-(3-mercaptopropionyl)-4-thiazolidinecarboxylic acid, 
11] were used. The derivating reagent was N-(l-ppene)rnaleimide$. Ethyl 
acetate and benzenelo were analytical reagent grade, and methanol' was 
liquid chromatographic grade. All other reagents were the highest grade 
purity. 


Standard Solutions-Standard solutions of captopril (1 mM) and 
I1 (1 mM) were prepared by dissolving pure drug in an aqueous solution 
of edetate disodium (1 mM) previously bubbled with nitrogen. These 
solutions were stored at  4" and were stable for at least 7 days. The N -  
(1-pyrene)maleimide derivatizing reagent (2 mM) was prepared by dis- 
solving the powder in acetone and was stored at  4" for a t  least 14 days. 


Patient Sampling Procedure-Four patients who had been taking 
captopril (100 mg, three times a day) for essential hypertension were 
studied. After an overnight fast, 100 mg of captopril was given; the pa- 
tients then continued to fast for 4 hr. Immediately prior to dosing and 
at  0.25,0.5,0.75, 1.0, 1.5, 2, 3, and 4 hr, a 5-ml blood sample was taken 
from an indwelling catheter in a forearm vein and added to a heparinized 
tube containing 50 pl of a solution of edetate disodium (0.1 M )  and 
ascorbic acid (0.1 M ) .  After mixing, the samples were centrifuged im- 
mediately at  2000Xg for 10 min to separate the plasma. 


Extraction Procedure-The internal standard (10 nmoles) was 
added to 1.0 ml of plasma in a polypropylene tube (9.5 X 2 cm), and then 
200 p1 of perchloric acid (2 M )  was added. After centrifugation at 2000Xg 
for 10 min, 0.5 ml of the supernate was removed and its pH was adjusted 
to 6.5 with tribasic potassium phosphate (1 M ) .  The derivatizing reagent 
was added (50 nmoles), and the solution was left a t  room temperature 
for 15 min. The solution then was extracted with 3 ml of ethyl acetate- 
benzene (1:l) by vortex mixing for 30 sec. Following centrifugation to 
separate the phases, the upper layer was transferred to a clean glass- 
stoppered conical tube and evaporated to dryness under nitrogen. The 
residue was dissolved in 100 p1 of methanol and was either subjected 
immediately to liquid Chromatography or stored overnight a t  4". 


Chromatography-Ten-microliter injection volumes were used. The 
mobile phase was methanol-potassium phosphate buffer (5 mM, pH 6.5) 
(52:48), and the flow rate was maintained a t  2 ml/min a t  a back pressure 
of -1000 psi. 


Quantitation-Since captopril is known to oxidize spontaneously into 
disulfides, ascorbic acid and edetate were added to the blood immediately 
upon sampling. Preliminary experiments demonstrated that this pro- 
cedure prevented any loss of captopril when it was added to control blood 
and analyzed as already described. 


7 E. R. Squibb &Sons Pty. Ltd., Melbourne, Australia. 
8 Santen Pharmaceuticals, Osaka, Japan. 


lo Merck, Darmstadt, West Germany. 
Polysciences. 
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Figure 1-Elution of fluorescent 
material from HPLC column after 
derivatization and extraction of 
control plasma (A) and plasma 
from a patient who had taken 100 
mg of captopril 1 hr preuiously 
(B). Key: C, captopril (I);  and S, 
internal standard ( II ) .  


A- 
t - 


16 8 0 


MINUTES 


A calibration curve was constructed by adding varying amounts of 
captopril and a constant amount of internal standard to 1 ml of control 
plasma and analyzing the samples as already described. To assess lin- 
earity, the peak height ratio of captopril to the internal standard was 
plotted against the added captopril. 


Recoveries of sulfhydryl compounds were calculated by first adding 
the same amount of each compound to plasma and then deproteinizating, 
derivatizing, extracting, evaporating, and reconstituting in methanol. 
The methanol extract then was injected, and the peak height was calcu- 
lated. The same amount of sulfhydryl compound in phosphate buffer was 
derivatized and directly injected, and the peak height was measured. The 
percent recovery was calculated by dividing the peak height after solvent 
extraction by the peak height without solvent extraction and multiplying 
by 100. 


Pharmacokinetic Analysis-Plasma captopril level-time data were 
fitted to a polyexponential equation using the nonlinear least-squares 
regression analysis computer program AUTOAN 2 (7). The estimated 
parameters were obtained assuming first-order absorption and elimi- 
nation. 


RESULTS AND DISCUSSION 


Captopril disposition in humans (6) and laboratory animals (8) has only 
been studied using a single dose of radiolabeled captopril. Thus, a sen- 
sitive and specific assay is needed for measuring blood levels of captopril 
in patients so that its pharmacokinetics can be defined for developing 
an optimal dosage regimen. 


Since captopril has no prominent absorption properties in the UV or 
visible spectrum, methods were examined for derivatizing captopril 
through its thiol group to yield a suitable fluorophore. A suitable reagent 


Table I-Summary of Captopril Pharmacokinetics in Patients a 


Cmax, AUC, 
Patient TmaX, hr nmoles/ml nmoles hr/ml Tl/z, hr 


1 0.75 18.5 
2 0.67 20.8 
3 0.58 18.3 


18.66 0.92 
20.12 0.52 
17.34 0.70 


4 0.50 9.9 10.99 0.52 
Mean 0.63 16.9 16.77 0.66 
SE 0.05 2.4 2.01 0.09 


~ ~~ 


Tmex = time when maximum plasma concentration, C,,, is reached. AUC = 
area under curve, and Tl,z = elimination half-life. 
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Figure 2-Time-plasma concentration curve for captopril after oral 
administration of 100 mg to a hypertensive patient. 


was N-( 1-pyrene)maleimide since this reagent did not fluoresce in 
aqueous solution but formed fluorescent adducts, under mild conditions, 
with thiol compounds or proteins containing such groups (9,lO). While 
this reagent has been used for fluorescence polarization studies of high 
molecular weight proteins, in the present study it formed a fluorescent 
adduct with captopril. However, other low molecular weight thiols such 
as cysteine, N-acetylcysteine, and glutathione also formed fluorescent 
derivatives that were indistinguishable from each other by their excitation 
and emission spectra. 


Since glutathione and cysteine are present in the blood, it was apparent 
that an HPLC technique would be necessary to separate these derivatized 
thiols. Since such an assay could be improved by the incorporation of an 
internal standard, another thiol angiotensin-converting enzyme inhibitor 
(11) was included in initial studies to define the HPLC conditions for 
separation of the fluorescent adducts of glutathione, cysteine, captopril, 
and 11. The conditions given under Experimental achieved satisfactory 
separations with retention times of 2.4,3.2,5.6, and 7.6 min, respectively. 
Further specificity was obtained by examining various solvents to extract 
the fluorescent adducts differentially after derivatization. The most 
suitable solvent was an equal mixture of ethyl acetate and benzene (3 ml), 
and the percent recovery of the succinimide derivatives a t  pH 6.5 was as 
follows: cysteine, 3%; glutathione, <1%, captopril, 68%; and 11,9176. 


Figure 1 illustrates a typical chromatogram obtained after extraction 
of drug-free plasma (curve A) and of plasma from a patient who had taken 
captoprill hr earlier (curve B). The peak at  5.6 min represents captopril, 
and the peak at  7.6 min was the internal standard (11). The minor peak 
on the shoulder of the captopril peak was always seen when captopril was 
derivatized and chromatographed on the radial compression column. 
However, it was not seen in earlier studies when a CIS reversed-phase 
column was used, presumably due to the lower efficiency of this column. 
Since the former column has a higher number of plates (-5000) than the 
latter column (-2000 plates) and, therefore, achieves a higher resolution, 
this minor component could be an isomer of captopril. 


The threshold of captopril detection in plasma corresponding to a peak 
height approximately three times that of baseline noise was 150 
pmoles/ml. A calibration curve for the peak height ratio of captopril to 
the internal standard was linear over the concentration range of 150- 
10,000 pmoles/ml. The within-run precision of the assay (coefficient of 
variation) a t  a concentration of 1.5 nmoles/ml was 8.1% (n = 41, and the 
between-run precision was 9.0% (n = 6). 


Because of recent reports of toxicity, including neutropenia (11) and 
proteinuria (12), permission has not been given for single-dose phar- 
macokinetic studies in normotensive subjects, A limited study of captopril 
kinetics in patients taking this drug chronically for essential hypertension 
was made. Patients fasted overnight, and a predose blood sample was 
taken; no captopril could be detected in any predose blood sample. After 
the administration of a standard dose of 100 mg of captopril, absorption 
was very rapid in all patients; the average time for achieving peak plasma 
concentrations of captopril was 37 min (Table I). In two patients, the 
appearance rate of captopril in the blood was so rapid that it did not 
appear to be following a first-order process. Further experiments with 
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sampling at  closer time intervals are needed to confirm these observa- 
tions. The data for all patients could be described approximately by the 
sum of two exponentials, and the mean elimination half-life was -40 min. 
The plasma concentration-time profile for one subject is shown in Fig. 
2. 


The pharmacokinetics of captopril in the four patients taking the drug 
chronically indicate that changes in plasma captopril concentrations do 
not reflect blood pressure changes. In all patients, captopril was unde- 
tected in their plasma 3-4  hr after dosing, yet blood pressure had not risen 
at this time. Blood levels of captopril metabolites, such as the disulfide, 
possibly may be a more useful index of the hemodynamics of this 
drug. 


In conclusion, it was demonstrated that plasma captopril can be as- 
sayed with high sensitivity and specificity by first derivatizing this thiol 
compound to a fluorophore using N - (  1-pyrene)maleimide and then 
separating the fluorescent adducts by HPLC. This procedure can also 
be used for assaying another thiol angiotensin-converting enzyme in- 
hibitor, 11, using captopril as the internal standard. This derivatization 
procedure should be suitable for assaying the mucolytic drug N-acetyl- 
cysteine after modification of the HPLC conditions to retard its elu- 
tion. 
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Abstract The pharmacokinetics of bretylium tosylate were investi- 
gated in eight male Charles River rats. Each animal received an intra- 
venous dose (10 mgkg) of [‘*C]bretylium tosylate. Serial blood samples, 
urine, and feces were collected for up to 72 hr. Bretylium concentrations 
in plasma and amounts excreted in urine and feces were determined by 
scintillation counting. On the average, 88 and 95% of the dose were re- 
covered in urine and feces in 24 and 72 hr, respectively. Urinary recovery 
accounted for 65.6% of the dose while 29.7% was excreted in the feces. 
Bretylium concentrations in plasma declined triexponentially and were 
fitted to a three-compartment open model. Bretylium has a very high 
apparent volume of distribution (15 literskg), and its half-life averaged 
5.5 hr. Mean values of the apparent volume of the central compartment, 
plasma clearance, renal clearance, and excretion rate constants of 
bretylium in rats were 1 liter/kg, 1.93 liters/hr/kg, 1.27 litershdkg, and 
1.24 hr-l, respectively. The results indicate that: ( a )  bretylium is strongly 
bound to the tissues and is eliminated by active urinary secretion and by 
biliary excretion in rats, and ( b )  there are strong similarities between the 
pharmacokinetics of bretylium in humans and rats and that this animal 
model might be suitable for interaction studies with other drugs. 


Keyphrases Bretylium tosylate-pharmacokinetics, rats, compared 
with human studies Pharmacokinetics-bretylium tosylate, rats, 
compared with human studies 0 Antiarrhythmic agents-bretylium 
tosylate, pharmacokinetics studied in rats, compared with human 
studies 


Bretylium is a quaternary ammonium compound [ (o-  
bromobenzyl)ethyldimethylamine] used clinically as the 
tosylate salt in the treatment of arrhythmias. Bretylium 
tosylate suppresses ventricular fibrillation in patients 
within minutes following intravenous administration (1). 
Suppression of ventricular tachycardia and other ven- 


CH3 


[ Wlbretyl ium tosylate 


tricular arrhythmias develops more slowly, usually 20-120 
min following parenteral administration (2). 


BACKGROUND 


In humans, bretylium is eliminated intact mainly through the renal 
route (3,4). No metabolites have been identified following administration 
of bretylium tosylate in humans and rats (3). The biological half-life of 
bretylium in normal subjects was 5.5 hr (3). Romhilt et al. (2) reported 
a half-life of 9.75 hr (range 4.2-16.9) in eight patients with cardiac disease. 
More recently, Adir et al. (4) reported a half-life of 8.1 hr for a normal 
subject and of 16.0 and 31.5 hr for two patients with renal impairment. 
In the normal subject, the renal clearance of bretylium was 1 liter/min, 
indicating extensive active secretion, and the urinary excretion of un- 
changed drug accounted for 80% of the dose (4). 


A previous study in the rat (3) demonstrated that 63% of the intra- 
muscular dose (5 mg/kg) was excreted unchanged in the urine and that 
31% was excreted in the feces. Most radioactivity was excreted within 24 
hr. An average of 16% of the intravenous dose (2.5 mgkg) in four rats was 
excreted in the bile within 5 hr. 


This investigation studied the pharmacokinetics of distribution and 
elimination of bretylium in the rat following an intranveous dose of ra- 
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Abstract A series of N-protected glycine activated esters was found 
to have antifertility activity in mice when administered intravaginally. 
The N-carbobenzoxyglycine vinyl ester and N-carbobenzoxyglycine 
1,2-dibromoethyl ester analogs possessed the best activity in inhibiting 
pregnancy but were much less active when administered intraperitone- 
ally. The acrosin enzymatic activity of sperm also was inhibited by these 
N-protected glycine activated esters, as measured by N-a-benzoyl- 
1,-arginine ethyl ester and azocasein hydrolysis. The ability to inhibit 
N-a-benzoyl-L-arginine ethyl ester hydrolysis, a trypsin-like activity, 
appeared to have a positive correlation with antifertility activity when 
the agents were administered intravaginally. 


Keyphrases Antifertility activity-evaluation of N-protected glycine 
activated esters 0 I\.'-Protected glycine activated esters-evaluation for 
antifertility activity 0 Glycine esters-N-protected analogs, evaluation 
for antifertility activity 


A number of chemical (1) and endogenous (2) agents 
recently were shown to inhibit the proteolytic activity of 
the sperm's acrosomal enzyme, acrosin (EC 3.4.21.10) and 
thereby reduce sperm fertilization of the ovum. Acrosin 
enzymatic activity is similar to trypsin proteolytic activity 
and thus is inhibited by trypsin inhibitors. N-a-Tosyl-~-  
lysine chloromethyl ketone administered intravaginally 
in sterile lubricant before coitus inhibited fertilization 
in rabbits (3). A series of N-carbobenzoxyglycine, L-leu- 
cine, and L-proline esters administered intravaginally in 
mice demonstrated 100% inhibition at  10 mglkglday, as 
did N-a-tosyl-L-lysine chloromethyl ketone and tosyl- 
L-phenylalanine chloromethyl ketone (4). The glycine 
series has been expanded to include several types of esters 
as well as variations in the amino protecting group, and 
these results are reported here. 


EXPERIMENTAL 


Chemical Synthesis-The compounds evaluated in this study are 
listed in Table I. Several of the compounds were synthesized previously 
in this laboratory [i.e., I1 and 111 (5,611 or elsewhere [i.e., IV (7), V (8), 
XIV (9), and XV (lo)]. Procedures for vinyl ester preparation using vinyl 
acetate and palladium chloride catalyst have been discussed in detail, 
as have those for cyanomethyl ester preparation ( 5 , 6 ) .  The synthesis of 
new activated esters reported here (VI, VII, IX-XI, and XIII) was un- 
complicated and involved reaction of N-carbobenzoxyglycine and active 
halogen compounds and triethylamine in ethyl acetate. In one case (VIII), 
the desired product was obtained using the alcohol, N-carbobenzoxy- 
glycine, and p-toluenesulfonic acid in a standard esterification procedure. 
Since several compounds were difficult to purify, preparative details are 
included. All compounds appeared to have adequate stability when stored 
in a dry atmosphere, as judged by TLC and spectral methods'. 


1 Melting points were determined on a Thomas-Hoover melting-point apparatus 
and are uncorrected. IR spectra were determined with a Perkiii-Elmer 257 grating 
spectrophotometer. NMR spectra were measured with a Jeolco C60 HL spec- 
trometer, and chemical shifts are reported in 6 (parts per million) units relative to 
the internal standard tetramethylsilane, with s = singlet, d = doublet, t = triplet, 
and m = multiplet; J values are in Hertz. Data were consistent with assigned 
structures for all intermediates and products. Silica gel for TLC refers t o  Merck 
silica gel G. Compounds were visualized by charring with sulfuric acid (50%). Silica 
gel used for column chromatography was silicAR cc-7,200-325 mesh. Elemental 
analyses were performed by Atlantic Microlabs, Atlanta, Ga. 


Palladium chloride was obtained commercially2. N-Carbobenzoxy- 
glycine p-nitrophenyl ester (XJI), N-a-tosyl-L-lysine chloromethyl ke- 
tone (XVI), tosyl-L-phenylalanine chloromethyl ketone (XVII), N-car- 
bobenzoxy-L-phenylalanine chloromethyl ketone (XVIII), 17-ethinyl 
estradiol (XIX), and diethylstilbestrol (XX) were purchased commer- 
cially?. The following materials were prepared as described previously: 
N-carbobenzoxyglycine vinyl ester (11) (6), N-carbobenzoxyglycine 
1,2-dibromoethyl ester (111) (6), N-carbobenzoxyglycine ethyl ester (IV) 
(71, N-carbobenzoxyglycine cyanomethyl ester (V) (6), and N-trifluo- 
roacetylglycine vinyl ester (XIV) (8). 


N-Carbobenzoxyglycine Acetonyl Ester (V1)-A mixture of 1.5 g (7 
mmoles) of N-carbobenzoxyglycine (6) and 0.8 g (8 mmoles) of triethyl- 
amine in 50 ml of tetrahydrofuran was heated to reflux. A solution of 1.0 
g (7 mmoles) of bromoacetone (11) in 10 ml of tetrahydrofuran was added 
slowly dropwise over 1 hr. The reaction mixture then was stirred at  reflux 
for 4 hr and cooled to  room temperature, and the precipitate was col- 
lected. About 25 ml of chloroform was added to the filtrate, and this so- 
lution was washed with 20 ml of 5% HCl and dried (magnesium sulfate); 
the solvents were removed in uacuo. 


The crude, oily product was purified by column chromatography, with 
chloroform as the eluent, to give 0.8 g (45% yield) of a white powder, mp 
71-72"; IR (mineral oil): 3320 (strong) (C=O, ester), 1720 (strong) ( C 4 ,  
ketone), and 1685 (strong) (C=O, carbamate) cm-'; NMR (CDC13): 6 
2.17 ( s ,  3H, COCH3) and 4.79 (s, 2H, OCH2CO). Elemental analysis 
(carbon, hydrogen, and nitrogen) showed a formula of C13H15N05. 


N-Carbobenzoxyglycine Methoxymethyl Ester (VII)-A mixture of 
2.5 g (12 mmoles) of N-carbobenzoxyglycine and 1.3 g (12.8 mmoles) of 
triethylamine in 30 ml of ethyl acetate was heated to reflux. A solution 
of 1.0 g (12.4 mmoles) of chloromethyl methyl ether in 25 ml of ethyl ac- 
etate was added dropwise, with stirring, over 2 hr. The reaction mixture 
was stirred for 3 hr a t  reflux and cooled, and the precipitate was filtered. 
The filtrate was washed with 5% HCl followed by water and dried 
(magnesium sulfate), and the solvents were removed in uacuo. 


The resulting oily product was purified by column chromatography, 
with chloroform as the eluent, to give 1.3 g (35% yield) of pure product 
as an oil; IR (CC14): 3380 (strong, broad) (NH) and 1710 (strong, broad) 
(2 C=O) cm-'; NMR (acetone-ds): d 3.45 (s, 3H, OCH3) and 5.35 (s,2H, 


N-Carbobenzoxyglycine Methoxyethyl Ester (VII1)-A mixture of 
2.5 g (12 mmoles) of N-carbobenzoxyglycine and 0.1 g (5  mole %) of p- 
toluenesulfonic acid monohydrate in 50 ml (0.65 mole) of 2-methoxy- 
ethanol was stirred at 70' for 24 hr (12). The reaction flask was fitted to 
a distillation apparatus, and the accumulated water was azeotropically 
distilled off while fresh 2-methoxyethanol was added to the reaction flask 
at  about the same rate a t  which the distillate was collected. Approxi- 
mately 10 ml of the distillate was removed over 103-110". The reaction 
flask then was fitted with a reflux condenser, the reaction mixture was 
heated a t  70° for 15 hr and cooled, and the solvent plus water was re- 
moved by azeotropic evaporation with toluene in VUCUO. 


This procedure resulted in 4.0 g of an oily product, which was parti- 
tioned between 15 ml of 5% sodium bicarbonate and 25 ml of chloroform. 
The organic layer was removed and dried (magnesium sulfate), and the 
solvent was removed in vacua to give 2.9 g of a crude, oily product. I t  was 
purified by column chromatography, with chloroform as the eluent. Pure 
product, 1.6 g (50% yield), was obtained as a colorless oil; IR (CCld): 3380 
(strong, broad) (NH) and 1720 (strong, broad) (2 C=O) cm-'; NMR 
(acetone-&): d 3.4 (s, 3H, OCH3), 3.6 (m, 2H, COOCH~CHZO), and 4.3 
(m, 2H, COOCH2CHzO). Elemental analysis showed a formula of 
C I ~ H I ~ N O ~ .  


N-Carbobenzoxyglycine Carbethoxymethyl Ester (IX)-Compound 
IX was prepared in the same manner as VII using ethyl bromoacetate. 
Without purification by column chromatography, pure product was 


OCH20). 


~ 


* Engelhart Industries. 
3 Sigma Chemical Co. 
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Table I-Physical Data  for Glycine Esters 
I 


Rl 


Analysis, % 
Melting Crvstallization 


Compound Ri  Rz R3 Yield, % Point- Solvent Formula Calc. Found 


I1 
111 
IV 
V 


VI 


VII 


VIII 


IX 


X 


XI 


XI11 


XIV 


xv 


Carbobenzoxy 
Carbobenzoxy 
Carbobenzoxy 
Carbobenzoxy 


Carbobenzoxy 


Carbobenzoxy 


Carbobenzoxy 


Carbobenzoxy 


Carbobenzoxy 


Carbobenzoxy 


Tosyl 


Trifluoroacetyl 


Phthaloyl 


H 
H 
H 
H 


H 


H 


H 


H 


H 


H 


H 


H 


CH=CHz 


CHzCH3 
CHzCN 


CHBrCHZBr 


CH20CH3 


CHzCH20CH3 
0 
I1 


CH,--C-OCH&Hz 
0 
II 


CH(COCH,CH& 
0 


CH, - C -CH3 
I1 


CH=CHz 


50 
15 
30 
70 


45 


35 


50 


80 


40 


55 


10 


20 


25 


a 
a 


Oil - 
Oil - 


34-35' Ethanol-water 
69-70' Chloroform- 


71-72' Chloroform 
hexane 


a Oil - 


a Oil - 


a 42-43' - 


a Oil - 


a Oil - 


83.5-84.5" Chloroform- 
hexane 


40.5-41.5' Chloroform- 


107-108' Chloroform- 
hexane 


hexane 


- 
- 
- 
- 


C 58.86 
H 5.70 
N 5.28 
C 56.91 
H 5.96 
N 5.53 
C 58.42 
H 6.41 
N 5.24 
C 56.95 
H 5.80 
N 4.74 
C 55.58 
H 5.76 
N 3.81 
C 55.51 
H 5.37 
N 34.14 
C 51.75 
H 5.13 
N 5.49 
- 


- 


- 
- 
- 
- 


58.88 
5.71 
5.27 


56.87 
6.03 
5.50 


58.27 
6.49 
5.19 


56.83 
5.86 
4.71 


55.45 
5.81 
3.78 


55.30 
5.41 
4.98 


51.66 
5.16 
5.45 
- 


- 


a Purified by column chromatography. 


obtained in an 80% yield as a colorless oil. Upon drying in a desiccator 
for 2 weeks, the oil solidified and was used without recrystallization, mp 
42-43'; IR (mineral oil): 3320 (strong) (NH) and 1730 (strong, broad) (3 
C=O) cm-'; NMR (acetone-&): 6 1.27 (t, 3H, J = 7.5, OCH2CH3), 4.24 
(q, 2H, J = 7.5, OCHZCH~), and 4.77 (s, 2H, OCH2CO). Elemental 
analysis showed a formula of C14H17NO6. 


N-Curbobenzoxyglycine D~carbet~oxymet~yl  Ester (X)-Compound 
X was prepared in the same manner as VII using diethyl bromomalonate. 
The crude product was purified by column chromatography, with chlo- 
roform as the eluent, to give a yellow oil. Attempts to crystallize the 
product from chloroform and hexane or ethanol and water failed. Final 
purification was accomplished by dissolving the product in chloroform 
and filtering the solution hot from activated charcoal. Removal of the 
chloroform in uacuo gave a colorless oil in a 40% yield; IR (CCld): 3420 
(weak, broad) (NH) and 1740 (strong, broad) (4 C=O) cm-I; NMR (ac- 
etone-&): 6 1.27 (t, 6H, J = 7.5, 2 OCH2CH3), 4.33 (9, 4H, J = 7.5, 2 
OCHzCHs), and 5.69 [s, lH,  OCH(COOC2H&]. Elemental analysis 
showed a formula of CI~HZINOS. 


N-Carbobenzoxyglycine Acetoxymethyl Ester (XI)-Compound XI 
was prepared in the same manner as VII using bromomethyl acetate. The 
crude product showed several spots on TLC; purification by column 
chromatography, with chloroform as the eluent, gave a product that 
contained one small impurity. Further purification by column chroma- 
tography, with chloroform-ethyl acetate (1:l) as the eluent, gave a 20% 
yield of pure product and a 35% yield of a product with the impurity. The 
pure product was a colorless oil: IR (CCb): 3400 (strong, broad) (NH) and 
1740 (strong, broad) (3 C=O) crn-'; NMR (CDCl3): d 2.08 (s, 3H, COCHs) 
and 5.74 (s, 2H, OCH20). Elemental analysis showed a formula of 


N-Tosylglycine Vinyl Ester (XII1)-N-Tosylglycine (3.0 g, 13 
mmoles) was subjected to the usual vinylation procedure (5) twice. The 
reaction mixture was worked up to give an oily product, which was very 
impure on TLC. Purification by column chromatography, with chloro- 
form as the eluent, gave 0.6 g of a brown solid that still was impure on 
TLC. This solid was purified further by column chromatography, with 
chloroform-methanol (97.5:2.5) as the eluent, to give a light-brown solid, 
which was recrystallized from chloroform and hexane. 


Pure product (0.3 g, 10% yield) was obtained as white flakes, mp 
83.5-84.5"; IR (mineral oil): 3250 (moderate) (NH), 1750 (strong) (C=O), 


Cl4H15NO6. 


and 1645 (weak) (C=C) cm-I; NMR (CDC13): 6 2.42 (s, 3H, CHs), 3.88 
(broad, d, 2H, J = 4.9, NCHzCO), 4.7 [ddd, 2 H , J  (trans) = 13.7,J (cis) 
= 6.3, J (gem) = 2.0, =CHz], 7.1 [dd, lH ,  J (trans) = 13.7,J (cis) = 6.3, 
OCH=], 7.29 (d, 2H, J = 8.3, aromatic), and 7.77 (d, 2H, J = 8.3, aro- 
matic). Elemental analysis (carbon, hydrogen, and nitrogen) gave a for- 
mula of CllH13N04S. 


Antifertility Screens-The newly synthesized agents were tested 
initially for antifertility activity in CF1 female mice (-28 g) in much the 
same manner as steroidal contraceptives. For 28 days, virgin female mice, 
which had been isolated for 4 weeks, were administered test compounds 
at  10 mg/kg/day ip (0.2 ml). Test compounds were homogenized in 1% 
carboxymethylcellulose to obtain a fine suspension. On Day 10, female 
mice were exposed to male mice (two females per male) for the remainder 
of the experiment. Male mice were rotated once per week to eliminate 
the possibility of infertility. 


On Days 17-21 of gestation, the females were sacrificed, and the 
numbers of viable fetuses, intrauterine deaths, and implantation sites 
were tabulated (4, 13). 17-Ethinyl estradiol and diethylstilbestrol were 
used as standards. Viable fetuses were examined for teratogenic effects 
of these drugs by the methods outlined by Wilson (14). 


For intravaginal testing, the compounds were homogenized in 40% 
lactose or 5% carboxymethylcellulose and administered intravaginally 
(0.03-0.05 ml) a t  10 mg/kg/day for 28 days. A tuberculin syringe without 
the needle or a low-dose (0.5-ml) insulin syringe with a 1-100-~1 eppen- 
dorf pipet tip modified to fit the syringe was employed. On Day 10 and 
on all subsequent days, females were exposed to males for 1 hr. From this 
point, the protocol described earlier was foIlowed (4). Compounds 
XVI-XVIII were used as standard proteolytic inhibitors. 


For male antifertility activity, the method of Coppola (15) was followed. 
Male mice (-30 g) were administered 11,111, and XVIII a t  10 mg/kg/day 
ip for 8 weeks. At the 4-, 6-, and 8-week intervals, females were exposed 
to the treated males for 2 weeks and then removed. The number of fe- 
males pregnant 4 weeks after exposure to the males was determined for 
each 2-week interval. 


Enzymatic Studies-The acrosin enzyme was isolated from the epi- 
didymides collected from 10 male CF1 mice (-30 g). The epididymides 
were sliced in 0.25 M sucrose-0.001 M disodium ethylenediaminetetra- 
acetate (pH 6.5). The sperm suspension was filtered through two layers 
of sterile cheesecloth to remove debris, then centrifuged at  600Xg for 15 
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Table 11-Antifertility Activity of N-Protected Glycine Activated Esters in CFI Female Mice at 10 mg/kg/day 


Compound 


Intraperitoneally Intravaginally 
Intra- Intra- 


Viable uterine Viable uterine 
Fetuses Deaths Fetuses Deaths 


per per Percent Per per Percent 
n Litter Litter Pregnant n Litter Litter Pregnant 


I N -Carbobenzoxyglycine 
I1 N-Carbobenzoxyglycine vinyl ester 


I11 N-Carbobenzoxyglycine 1,2-dibromoethyl ester 
IV N-Carbobenzoxyglycine ethyl ester 
V N-Carbobenzoxyglycine cyanomethyl ester 


VI N-Carbobenzoxyglycine acetonyl ester 
VII N-Carbobenzoxyglycine methoxymethyl ester 


IX N-Carbobenzoxyglycine carbethoxymethyl ester 


XI N-Carbobenzoxyglycine acetoxymethyl ester 
XI1 N-Carbobenzoxyglycine p-nitrophenyl ester 


XI11 N-Tosylglycine vinyl ester 
XIV N-Trifluoroacetylglycine vinyl ester 
XV N-Phthaloylglycine vinyl ester 8 10.2 


XVI N-a-Tosyl-L-lysine chloromethyl ketone 7 8.6 


XIX 17-Ethinyl estradiol 


VIII N-Carbobenzoxyglycine methoxyethyl ester 


X N-Carbobenzoxyglycine dicarbethoxymethyl ester 


XVII T o s ~ ~ - L -  henylalaninechloromethyl ketone 7 4.5 
XVIII N-Carbotenzoxy -L-phenylalanine chloromethyl ketone 


XX Diethylstilbestrol 
1% Carboxymethylcellulose 
40% Lactose 
5% Carboxymethylcellulose 


7 8.5 
8 11.0 
8 10.3 
8 11.4 
7 7.6 
8 9.3 
8 9.3 
8 9.0 


8 8.6 
8 9.2 


8 11.6 
8 0.0 
8 0.0 


24 12.0 
- - 


rnin using a swinging bucket-type rotor head, and washed twice. The 
spermatozoa were resuspended in 20 ml of 0.25 M sucrose and frozen a t  
-200 (9,lO). 


After freeze-thawing, the tubes were agitated vigorously by vortexing 
for 30 sec and centrifuging at  lOOOXg for 15 min a t  Oo. The spermatozoa 
were resuspended, vortexed, and centrifuged again. The denuded sper- 
matozoa were taken up in 5 ml of sucrose, and the pH was adjusted to 2.5 
with hydrochloric acid. Acrosin was recovered in the supernate after 
centrifugation a t  36,OOOXg for 15 min at  Oo (16,17). 


Acrosin proteolytic enzymatic activity was determined by the method 
of Schleuning and Fritz (18). The incubation medium contained 0.7 ml 
of 0.1 M phosphate buffer (pH 7.6) and 0.3 ml of extracted crude rat ac- 
rosin, which were preincubated for 5 min a t  30°. One milliliter of 2% 
azocasein and 1.5 gmoles of test compound in 0.2 ml of 40% lactose were 
added, and the mixture was incubated for 10 min a t  30'. Tests were run 
in triplicate. The reaction was stopped with 5% trichloroacetic acid, and 
the mixture was centrifuged at  3500Xg for 10 min. Absorption of the 
trichloroacetic acid-soluble peptides, which resulted due to the hydrolysis 
of azocasein, was measured at  366 nm. Enzymatic activity was calculated 
as the increase in absorbance per minute per milligram of protein (18, 
19). 


The hydrolysis of N-a-benzoyl-L-arginine ethyl ester, a trypsin sub- 
strate, was followed as described previously (19). Two milliliters of 
tris(hydroxymethyl)aminomethane, 0.3 ml of substrate, 0.1 ml of crude 
mouse acrosin, and 1.5 pmoles of test sample in 0.2 ml of 40% lactose were 
mixed, and the increase in absorbance a t  253 nm was determined for 30 
min. The absorbance (A) of the control equaled 0.320/min (18, 19). 
Compounds XVI-XVIII were used as proteolytic inhibitor standards. 


RESULTS AND DISCUSSION 


Previous screening showed that the 1,2-dibromoethyl esters of N -  
carbobenzoxyglycine, leucine, phenylalanine, and proline afforded 100% 
inhibition of fertility when administered intravaginally (4). However, 
only N-carbobenzoxyglycine vinyl ester demonstrated 100% inhibition 
compared to leucine, phenylalanine, and proline vinyl esters. Since the 
vinyl esters were far less toxic (Le., LDso t 500 mg/kg) than the 1,2- 
dibromoethyl esters, it was decided to examine other esters in the glycine 
series and other amino-protecting groups of the vinyl esters. 


With the newly reported compounds (IV-XV), intravaginal adminis- 
tration compared to intraperitoneal administration at 10 mg/kg/day 
resulted in the best antifertility activity in mice (Table 11). However, the 
vinyl ester analog (11) and the 1,2-dibromoethyl ester (111) of N-car- 
bobenzoxyglycine still were the most active, giving 100% inhibition (Table 
11). The carbethoxymethyl ester (IX) and the cyanomethyl ester (V) re- 
sulted in 87% inhibition. The free acid (I), the ethyl ester (IV), and the 


. .. 


8 10.7 
8 6.7 
8 8.8 
8 12.8 


0.00 57 8 6.5 - .  


0.00 12 8 0.0 
0.25 38 8 0.0 
0.00 88 8 8.0 
0.00 72 8 11.0 
0.83 75 8 7.7 
0.33 75 8 7.8 . .- 


0.25 57 8 8.3 
0.67 38 8 1.0 
2.50 75 8 8.4 
1.80 50 8 10.0 
0.20 
1.40 
1.20 
2.00 
0.20 
0.50 
0.14 
0.00 
0.00 
0.48 
- 


63 8 10.0 
63 7 6.0 
63 8 7.7 
75 8 8.4 
71 7 0.0 
57 8 0.0 
88 8 9.0 
0 -  - 
0 -  - 


- 60 11.0 
- 34 9.6 


- 100 - 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.50 
0.75 
0.00 
0.20 
1.30 
0.00 
1.00 
0.70 
0.80 
0.00 
0.00 
0.00 
- 
- 
- 


0.70 
0.64 


25 
0 
0 


25 
13 
38 ~~ 


50 
50 
13 
63 
50 
25 
71 
38 
63 
0 
0 


38 


100 
74 


p-nitrophenyl ester (XII) resulted in 75% inhibition. Administration of 
the methoxymethyl ester (VII) and the methoxyethyl ester (VIII) resulted 
in only 50% inhibition of fertility, as did the acetoxymethyl ester (XI). 
Examination of other amino-protecting groups of glycine vinyl esters 
again showed that the N-carbobenzoxy derivative (11) possessed the best 
inhibitory activity (i .e.,  100%) when administered intravaginally, with 
the N-trifluoroacetyl analog (XIV) having the next best inhibitory effect 
at 62%. The N-tosyl (XIII) and N-phthaloylglycine vinyl esters (XV) were 
essentially ineffective when administered intravaginally in mice. 


Intraperitoneal administration of 11, 111, and XVII in males a t  10 
mg/kg/day for 8 weeks demonstrated no antifertility activity. I t  is be- 
lieved that the enzymes of the acrosomal layer of the sperm become ac- 
tivated in the vaginal tract (17,20) and are not normally active (i.e., en- 
zymes are complexed with inhibitors) in the male reproductive tract as 
well as in ejaculated sperm. This may account for the absence of an an- 
tifertility effect of these agents when administered to male mice, or there 
may be a lack of distribution of drugs to the semen and sperm after in- 
traperitoneal administration. 


Mouse acrosin enzymatic studies showed that inhibition of N-a-ben- 


Table 111-Zn Vitro Effects of N-Protected Glycine Activated 
Esters (1.5 pmoles) on Acrosin Proteolytic Activity 


Inhibition, % 


arginine Ethyl Azocasein 
Compound Ester Hydrolysis Hydrolysis 


N-a-Benzoyl-L- 


I 
I1 


111 
IV 
VI 


vri 
VIII 


IX 
X 


XI 
XI1 


XI11 
XIV 
xv 


XVI 
XVII 


XVIII 


58 f 1.2 
91 f 6.7 
84 f 0.3 
64 f 6.5 
62 f 5.5 
48 f 10.3 
45 f 11.7 
76 f 8.2 
42 f 8.5 
48 f 14.0 
64 f 10.3 
33 f 2.3 
59 f 5.0 
52 f 7.1 
91 f 1.2 
18 f 0.6 
35 f 2.3 


63 
83 


100 
55 
64 


f 5.3 
f 3.1 
f 4.2 
f 5.1 
f 11.7 


56 i 9.0 ~ 


37 f 16.6 
76 f 11.2 
51 f 15.4 
47 f 11.7 
66 f 18.8 
62 f 3.9 
96 f 5.4 
67 f 28.9 


100 f 4.3 
100 f 3.2 
100 f 3.8 


1% Carboxymethyl O f 4  O f 6  
cellulose 
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INHIBITION OF ESTER HYDROLYSIS, % 
Figure 1-Correlation between intravaginal antifertility actiuity at 
10 mglkglday and percent inhibition of a-benzoyl-L-arginine ethyl ester 
hydrolysis at 1.5 wmoles. 


zoyl-L-arginine ethyl ester hydrolysis was related more directly to anti- 
fertility activity than to inhibition of azocasein hydrolytic activity (Table 
111). N-a-Benzoyl-L-arginine ethyl ester is a substrate that is readily 
hydrolyzed by trypsin due to its proteolytic or hydrolytic activity, whereas 
azocasein is a nonspecific substrate that can be hydrolyzed by several 
proteolytic- and esterase-type enzymes. Whereas azocasein hydrolysis 
was inhibited significantly by certain compounds (k, XIV and XVIII), 
inhibition of azocasein hydrolysis did not appear to be positively corre- 
lated with antifertility activity. This does not preclude the possibility 
that these agents may inhibit other enzymatic activity of the sperm, which 
may contribute to the antifertility activity of these agents. 


Inhibition of N-a-benzoyl-L-arginine ethyl ester hydrolysis by mouse 
acrosin preparations demonstrated a positive correlation with antifertility 
activity when the drug was administered intravaginally. Table I1 shows 
that those compounds that promoted >80% inhibition of N-a-benzoyl- 
L-arginine ethyl ester hydrolysis by mouse acrosin were potent fertility 
inhibitors, e.g., I and 11. Compound IX, the carbethoxymethyl ester, 
demonstrated 76% inhibition of N-a-benzoyl-L-arginine ethyl ester 
hydrolysis and 87% inhibition of fertility. Compounds that showed 50% 
inhibition of pregnancy demonstrated -45-48% inhibition of N-a-ben- 
zoyl-L-arginine ethyl ester hydrolysis. Linear regression analysis showed 
a correlation coefficient of 0.95 between antifertility activity when ad- 
ministered intravaginally and reduction of in uitro mouse N-a-ben- 
zoyl-L-arginine ethyl ester hydrolysis at p = 0.001 (Fig. 1). When the 
intravaginal antifertility activity was compared to azocasein hydrolysis 
by mouse acrosin, a correlation coefficient of 0.68 was obtained at p = 
0.4. 


These compounds may inhibit N-a-benzoyl-L-arginine ethyl ester 
hydrolysis by conventional enzymatic inhibition mechanisms, by enzyme 
acylation, or by acting as a competitive substrate for the enzyme. Upon 
hydrolysis, I1 and I11 generate acetaldehyde or bromoacetaldehyde, which 
have the capability of nonreversible alkylation of the active bite of the 
enzyme (21), thereby inhibiting its activity. Acrosin, an endopeptidase 
that cleaves the carboxyl bond of arginine and lysine derivatives, can be 
inhibited by known trypsin inhibitors. Proteolytic hydrolytic enzymatic 
activity is involved in sperm capacitation labilization of the external 
membrane of the sperm and penetration of the ovum’s zona pellucida 
layer for fertilization. Acrosin is thought to play a vital role in the latter 
physiological process (4). 
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Abstract 0 Three trace impurities found in 4-acetyl-2-(2’-hydroxy- 
ethyl)-5,6-bis(4-chlorophenyl)-2H-pyridazin-3-one (II), a novel anti- 
hypertensive agent, were isolated by a combination of low-pressure liquid 
chromatography and preparative TLC. These impurities were identified 
as the formate ester of 11, a pyridazinone having a 2-methyl rather than 
the 2’-hydroxyethyl substituent, and a bis(pyridazinony1)methane analog. 
In addition, the product of 0-alkylation rather than of N-alkylation of 
4-acetyl-5,6-bis(4-chlorophenyl)-2H-pyridazin-3-one (I) with ethylene 
carbonate was detected by high-performance liquid chromatography. 
The biological activity of these four impurities was compared to that of 
11. 


Keyphrases 4-Acetyl-2-(2’-hydroxyethyl)-5,6-bis(4-chlorophenyl)- 
2H-pyridazin-3-one-synthesis, isolation of impurities by low-pressure 
liquid chromatography and preparative TLC and identification by 
high-pressure liquid chromatography, biological activity of impurities 
compared with parent compound High-pressure liquid chromatogra- 
phy-identification of impurities in 4-acetyl-2-(2’-hydroxyethyl)-5,6- 
bis(4-chlorophenyl)-2H-pyridazin-3-one, isolation of impurities by 
low-pressure liquid chromatography and preparative TLC Antihy- 
pertensive agents-4-acetyl-2-(2’-hydroxyethyl)-5,6-bis(4-chlorophe- 
nyl)-2H-pyridazin-3-one, isolation and identification of impurities, 
high-pressure liquid chromatography 


The purification of a biologically active substance prior 
to pharmacological or toxicological evaluation is important 
in drug development. Such care is essential so that bio- 
logical activity (including toxic effects) of trace impurities 
are not attributed to the molecule of interest. To ensure 
that trace impurities are innocuous, the biological activity 


PkY NNH, C1 


C1 


0 


O k l  


KOH 


c1 


I I1 
Scheme I 


of these substances can be studied independently if iso- 
lation, identification, and synthesis of the impurity can be 
successfully completed. The recent investigations of 
Reepmeyer and Kirchhoefer (1, 2) on the isolation and 
quantification of trace impurities in aspirin illustrate such 
an undertaking. 


4-Acetyl-2- (2’-hydroxyethyl) -5,6-bis(4-chlorophenyl)- 
2H-pyridazin-3-one (11) is an antihypertensive agent 
prepared as illustrated in Scheme I. The various batches 
of I1 prepared in this manner have -0.5% impurities after 
recrystallization. As part of a program (3,4) to evaluate this 
compound, the major trace impurities present in the re- 
crystallized material were isolated, identified, and syn- 
thesized. The antihypertensive activity and acute toxicity 
of four trace impurities were investigated. 


EXPERIMENTAL’ 


Instruments-Melting points were determined on a capillary melt- 
ing-point apparatus2 and are uncorrected. NMR spectra were determined 
on a 90-MHz Fourier transform spectrometer3 with tetramethylsilane 
as the internal reference. IR spectra were obtained on a grating spec- 
trophotometer* as potassium bromide disks. Electron-impact mass 
spectra5 were obtained by direct-sample inlet. 


Chromatography-A low-pressure column was filled with dry silica 
gel (0.032-0.063 mm), and toluene-ethyl acetate-acetonitrile (2:l:l) 
(Solvent 1, Fig. 1) was pumped through the column until all air bubbles 
were removed. Column dimensions were 91 X 2.5 cm. Compound I1 (4.996 
g) was dissolved in dimethylformamide (27 ml). Ten milliliters of this 
solution was injected onto the column, and the compound was eluted with 
Solvent 1. Fractions of 15 ml each were collected. The remainder of I1 was 
injected onto the column after the first injection had eluted. Fractions 
11-28 and 74-84 (second injection) were combined to give A (Fig. 1). 


A preparative thin-layer6 plate (20 cm X 20 cm X 1.0 mm) was cleaned 
by eluting with acetone and then dried. Fraction A was dissolved in 
chloroform and applied to the preabsorbent. The plate was then eluted 
with Solvent 2. Subsequent preparative layer separations are summarized 
in Fig. 1. 


High-performance liquid chromatography7 (HPLC) with UV detec- 


Elemental analyses were performed on a Perkin-Elmer model 240 carbon, hy- 
drogen, and nitrogen analyzer by the Central Analytical Department, Diamond 
Shamrock Cor . 


WH-90 Fourier transform NMR soectrometer. Bruker Instruments Inc., Bil- 
* Thomas-$wver, Arthur H. Thomas Co., Philadelphia, Pa. 


lerica, Mass. 
Model 297, Perkin-Elmer Corp., Norwalk, Conn. 
VarianlMAT-CH-7 mass soectrometer with SS-166 data systems, Varian As- 


sociates, Palo Alto, Calif. 
SiOz PLQF 1O00, Quantum Industries. 
Model 100 solvent delivery system (Altex Scientific, Berkeley, Calif.) with a 


model CV-6-UHPa-N6O sample injector (Valco Instrument Co., Houston, Tex.). 


0022-35491 8 11 0400-04 19$0 1.001 0 
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moved by azeotropic distillation. The reaction mixture then was cooled 
and filtered. The residue was washed with xylene and petroleum ether 
and air dried overnight. The crude product was dried at 75' for 6 hr (yield 
5844 g, 34.7%, mp 262-270'). 


The dried crude product was slurried in methanol, filtered, and rinsed 
with additional methanol (total of 3 liters of methanol). The filter cake 
was rinsed with 3 more liters of methanol followed by petroleum ether 
(2 X 400 ml). The filter cake was allowed to air dry overnight. 


Anal.-Calc. for ClsH12C12N202: C, 60.2; H, 3.4; N, 7.8. Found C, 60.0; 
H, 3.2; N, 8.0. 


The resulting product was recrystallized from methylene chloride, mp 
270-272'. 


t t  (5 0 )  


LPLC, s-1 


B 


PLC. s-2 


A r=-l--7 (40 mo) 


D E F G H J K 


PLC, s-2( ax) h hp PLC, s-2( ax) h hp 
v( ' me) 


Figure 1-Zsolation of impurities from 5.Ogof II. All chromatography 
was on silica gel. Solvent systems were: Solvent 1 (S- l ) ,  toluene-ethyl 
acetate-acetonitrile (2:l:l); Solvent 2 (S-2), chloroform-ethyl acetate 
(1  7:3); Solvent 3 (S-3), toluene-ethyl acetate (1 7:3); Solvent 4 (S-4), 
toluene-ethyl acetate (3:l); and Solvent 5 (S-5), chloroform-ethyl ac- 
etate (9:l). Fractions of highest Rrare a t  the left of the figure. PLC = 
preparative-layer chromatography, and LPLC = low-pressure liquid 
chromatography. The weights given on the chart represent the ap- 
proximate weight of each fraction. The fractions indicated by letters 
are mixtures of components. The fractions indicated by numbers contain 
only one component. These numbers correspond to the compound 
numbers used in the text. 


tions was performed on a 300 X 3.9-mm silica gel9 column at  a flow rate 
of 2 ml/min. The mobile phases were prepared from hexane'O, methylene 
chloride, and 2-propanol. The retention of the chromatographic peaks 
was expressed as the capacity ratio, k ,  which was calculated by: 


k = ( t r  - t o ) / t o  (Eq. 1) 


where to and t, are the retention times of an unretained solute and the 
solute in question, respectively. 


Preparation of 4-Acetyl-5,6-bis(4-chlorophenyl)-2H-pyrida- 
zin-3-one (1)-A 75.8-liter (20-gallon) reactor was charged with xylene 
(34.2 liters) and bis@-chlorobenzil) monohydrazone (13.76 kg, 46.94 
moles), and the reactor was heated with steam. When the reaction tem- 
perature had reached 60' (10 rnin), pyridine (4.05 kg, 51.2 moles) was 
added. After an additional 17 min (reaction temperature of llOo), methyl 
acetoacetate (2017 g in 2 liters of xylene) was added. After an additional 
8 min, 2019 g of methyl acetoacetate in 2.0 liters of xylene was added. 
After an additional 15 min, 1921 g of methyl acetoacetate (total of 51.3 
moles of methyl acetoacetate) in 1.5 liters of xylene was added. 


The reaction mixture was heated at between 110 and 136' for 7 hr and 
25 min, during which time 1.3 liters of the water-alcohol layer was re- 


~ 


Anal.-Found: C, 60.0; H, 3.3; N, 7.9. 
Preparation of 11-To a 1-liter round-bottom flask equipped with 


an agitator, thermometer, Dean-Stark trap, and condenser were added 
dimethylformamide (300 ml), I (200 g), potassium carbonate (0.9 g), and 
ethylene carbonate (61 9). The reaction mixture was heated to 95' and 
maintained at this temperature for 2 hr. Then the reaction mixture was 
cooled, and a slow addition of water (500 ml) was begun at 60'. A t  16O, 
the reaction mixture was filtered and rinsed with 700 ml of water. After 
drying at  75' for 48 hr, the product gave 222 g (%.la), mp 190-192'. This 
product was recrystallized from methanol, mp 191-193'. 


Anal.-Calc. for CzoH&12N202: C, 59.6; H, 4.0; N, 6.9. Found C, 59.4; 
H, 4.0; N, 6.7. 


Preparation of 4-Acetyl-5,6-bis(4-chlorophenyl)-2-(2'-hy- 
droxyethyl)-2H-pyridazin-3-one Formate (111)-Compound I1 (10 
g, 0.025 mole) was stirred at 55' in 88% formic acid (100 ml) for 3 hr. The 
formic acid was removed in vacuo, and the residual oil was dissolved in 
ether. After the ether solution was washed with 5% NaHC03, the solvent 
was removed to give a yellow foam (8.0 g); this foam was chromatographed 
on dry-column silica gel using ethyl acetate-cyclohexane (1:3) as the 
eluting solvent. The UV-absorbing band of the highest R/ value was re- 
moved and extracted with ether. The ether was removed, and the residue 
was recrystallized from methylene chloride-cyclohexane, 38% yield, mp 
99-100°. 


Anal.-Calc. for C Z ~ H & ~ ~ N Z O ~ :  C, 58.5; H, 3.7; N, 6.5. Found C, 58.1; 
H, 3.5; N, 6.3. 


Preparation of 4-Acetyl-5,6-bis(4-chlorophenyl)-2-methyl- 
2H-pyridazin-3-one (1V)-A mixture of I (17.95 g, 0.05 mole), methyl 
iodide (71.0 g, 0.5 mole), potassium carbonate (13.8 g, 0.1 mole), and di- 
methylformamide (50 mi) was stirred in a sealed vessel and heated to 80' 
for 18 hr. The cooled mixture was poured into water (250 ml), and the 
resulting aqueous mixture was extracted with chloroform (3 X 100 ml). 
The combined extracts were dried (calcium sulfate) and evaporated in 
vacuo to a brown syrup. The syrup was dissolved in 2-propanol(100 ml), 
and the solution was allowed to cool to room temperature. The yellow, 
crystalline material that separated was collected by filtration, air dried, 
and then dried under vacuum at  100' overnight, giving 11.7 g (63% yield), 
mp 119-120'. 


0 0 
O O  r,cH2cH*ocH II c14/cH3 


0 0 
0 c1 


61 


III 
Cl 


Iv 


Q n  - n  


8 Model 153, Altex Scientific Inc. 
9 pPorasil(10 urn). Waters Associates. Milford. Mass. 


10 HPLC grade, Fisher Scientific Co., Pittsburgh, Pa. 
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Anal.-Calc. for C19H14C12N202: C, 61.1; H, 3.8; N, 7.5. Found C, 61.1; 
H, 3.7; N, 7.6. 


Reaction of I with Methylene Chloride--Compound I (10 g, 0.0279 
mole) and potassium carbonate (4.0 g) were stirred at reflux in methylene 
chloride-dimethylformamide (250 ml, 3:2) for 24 hr. An additional 4.0 
g of potassium carbonate was added, and refluxing was continued for 3 
hr. The solution was filtered, and the residue was washed with water. 
After drying, the residue (6.9 g) was recrystallized from chloroform- 
acetonitrile. An additional 1.9 g of V was obtained (86% yield, mp > 2 6 0 O )  
from the original filtrate. 


And-Calc. for C37H24CldN404: C, 60.8; H, 3.3; N, 7.7. Found C, 60.6; 
H, 3.1; N, 7.7. 


Preparation of 4-Acetyl-3-chloro-5,6-bis(4-chlorophenyl)py- 
ridazine (V1)-Compound I (15.0 g, 0.042 mole) was stirred in phos- 
phorus oxychloride (60 ml), and triethylamine (4.5 ml) was added 
dropwise to the reaction mixture. When the addition was complete, the 
reaction mixture was heated to reflux temperature. After 2 hr, the reac- 
tion mixture was cooled and poured onto ice. The resulting precipitate 
was separated by filtration, and the residue was recrystallized from ac- 
etonitrile, 10.5 g (67% yield), mp 179-180'. 


And-Calc. for C1~HllC13N20: C, 57.2; H, 7.4; N, 2.9. Found C, 56.9; 
H, 7.6; N, 2.8. 


Preparation of 4-Acetyl-3-(2'-hydroxyethoxy)-5,6-bis(4-chlo- 
ropheny1)pyridazine (VI1)-Compound VI (24.0 g, 0.063 mole) and 
ethylene glycol (250 ml) were stirred together, and dioxane (250 ml) was 
added to the slurry. Potassium carbonate (30 g) was added to the solution, 
and the mixture was heated on a steam bath (pot temperature of 90°) for 
13 hr. The dark-red solution was partitioned between ether and water. 
After washing with water, the organic layer was dried (sodium sulfate) 
and concentrated. The resulting dark residue was recrystallized from 
hexane-ethyl acetate and then from hexane-chloroform to give an off- 
white solid, 68% yield, mp 153-155'. 


Anal.-Calc. for C&€1&12N203: C, 59.6; H, 4.0; N, 6.9. Found C, 59.3; 
H, 3.9; N, 6.7. 


Biological Activity-The antihypertensive activity and toxicity 
determination of the isolated impurities were determined" using a 
procedure reported elsewhere (3). 


RESULTS AND DISCUSSION 


The particular batch of I1 used in the separation of impurities was 
99.5% pure as determined by differential scanning calorimetry'* analyses. 
The procedure outlined in Fig. 1 resulted in the isolation of three com- 
pounds. The structures of I11 and IV were proposed as the formate ester 
and the N-methyl derivative, respectively, based on the 90-MHz PMR 
spectra (Table I). These structural assignments were confirmed by 
comparison of the isolated compounds with compounds synthesized from 
I1 and I, respectively. The synthetic and isolated material were identical 
when compared in two TLC systems (Table 11) and had identical PMR 
spectra (Table I). 


The formate ester, 111, probably results from formylation of I1 by di- 
methylformamide (or formic acid) during the hydroxyethylation of I. The 
N-methyl compound, IV, could be formed during synthesis of I by reac- 
tion of I with methyl acetoacetate. If this is the case, the N-methyl 
compound should also be present in I and determined by use of the 
methyl ester of acetoacetic acid in this reaction. It is also possible that 
IV is formed during hydroxyethylation of I as a result of reaction with 
dimethylformamide or an impurity in the dimethylforrnamide. 


A mobile phase of hexane-methylene chloride-2-propanol(1631) was 
used for the HPLC separation of IV and I with capacity ratios of k = 0.6 
and 1.1, respectively. Examination of I under these conditions revealed 
that there was no detectable amount of IV present in I. This finding in- 
dicates that IV isolated from I1 did not result from the reaction of I with 
methyl acetoacetate. Upon heating I with dimethylformamide and 
powdered potassium hydroxide at  110' for 19 hr, a compound that co- 
chromatographed with IV in the previously described HPLC system was 
detected. This reaction mixture was analyzed with a second mobile phase 
of hexane-methylene chloride-2-propanol(363:1). Again, resolution of 
IV and I was obtained with respective k values of 1.4 and 3.3. 


The impurity generated in I by heating with potassium hydroxide in 
dimethylformamide again cochromatographed with the synthetic N- 
methyl compound. This result suggests that I is methylated by interaction 


'1 Pharmakon Laboratories. Scranton. Pa.. under the direction of Richard J. . .  
Matthews. 


calculator and a 4661 digital plotter. 
12 Perkin-Elmer model DSC-2 equipped with a Tektronic 31 programmable 


Table I-90-MHz NMR Spectral Data 


Shift, 6" 
Isolated Synthetic 


ComDound Assienment Samole Samole 
0 


0-c-n II 
8.063 I11 


7.032 
6.960 
6.938 


N-CH2-CH2-0 4.629 
4.610 


0 
II 


CH,-C 
IV Aromatic H 


N-CH3 
CH3CO 


V Aromatic H 


2.239 
7.322 
7.251 
7.228 
7.169 
7.068 
7.042 
7.016 
6.974 
6.921 
3.909 
2.243 
7.345 
7.326 
7.260 
7.169 
7.143 
7.022 
6.928 


N-CH2-N 6.527 
CH3CO 2.246 


a In deuterated chloroform. 


Table II-& Values for  111-V 


8.060 
7.336 
7.265 
7.241 
7.175 
7.058 
7.033 
6.960 
6.936 
4.628 
4.606 


2.249 
7.330 
7.260 
7.232 
7.173 
1.074 
7.047 
7.021 
6.976 
6.925 
3.912 
2.246 
7.347 
7.325 
7.252 
7.170 
7.145 
7.025 
6.927 
6.525 
2.244 


Solvent6 I11 IV V 


Solvent 3 0.28 0.39 0.16 
Solvent 2 0.53 0.68 0.37 


,I In each case, the synthetic and isolated material cochromatogra hed on SiOz 
GHLP (Analtech). b Solvent 3 was toluene-ethyl acetate (17:3), and golvent 2 was 
chloroform-ethyl acetate (17:3). 


Table 111-Biological Activity 


ComDound SHR" Estimated LDm*, mg/kg 
~~~ ~ 


I1 ++ > 300 
111 ++ >300 
IV 0 >300 
V 0 ND' 


VII + 1 80 


a SHR = spontaneously hypertensive rat model of hypertension. Key ++ = 
active, p < 0.05; + = slightly active, p > 0.05; and 0 = inactive; n = 5 The procedure 
for this assay was reported elsewhere (3). Based on the number of deaths In mice 
after intraperitoneal administration of 30,100, and 300 mg/kg; n = 4/dose level. 


Not determined. 


with dimethylformamide or some impurity in this solvent of reagent 
grade. 


The third impurity isolated from I1 was V. Examination of the PMR 
spectrum and mass spectrum of this compound suggested a bis(pyrid- 
azinony1)methane structure. A sample of this compound was prepared 
by allowing I to react with methylene chloride in dimethylformamide in 
the presence of potassium carbonate. No N-chloromethylpyridazinone 
was isolated from this reaction. Apparently the rate of the second dis- 
placement reaction was much faster than the initial alkylation of I with 
methylene chloride. A similar result was obtained using bromochloro- 
methane in a large excess. 


Compound V probably results from the reaction of I with methylene 
chloride during the formation of 11. Methylene chloride is used in the 
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Scheme II 
purification of I and probably is entrapped in the crystalline product. This 
solvent entrapment by the pyridazinones is observed frequently. As with 
I11 and IV, the synthetic and isolated samples of V were identical in the 
two TLC systems and had identical NMR and IR spectra. Of particular 
note was the downfield shift of the methylene protons between the two 
pyridazinone rings (Table I). 


'rhis initial invcstigation did not result in the isolation of any product 
of the 0-alkylation of I by ethylene carbonate. A synthesis for the 0- 


alkylated compound, VII, was developed following the route shown in 
Scheme 11. However, this compound was not resolved from I1 by the 
chromatographic systems outlined in Fig. 1. Using an authentic sample 
of VII, a TLC and HPLC system was developed that separated VII from 
I and 11. With a mobile phase of hexane-methylene chloride-2-propanol 
(16:3:1), the capacity factors for I1 and VII were 3.7 and 4.4, respectively. 
This system indicated that VII was present in I1 a t  a level of 0.1%. This 
conclusion was supported by the spiking of the I1 sample with synthetic 
VII. 


The biological activities of 111-V and VII were compared with that of 
11. As shown in Table 111, both IV and V lacked antihypertensive activity 
and were not acutely toxic. The formate ester, 111, had antihypertensive 
activity similar to that of 11. This activity also was observed for other 
aliphatic and aromatic esters of I1 (4). Compound VII had slight, although 
not statistically significant, antihypertensive activity. In addition, VII 
appeared to be more toxic than 11. 
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Abstract Four different acetaminophen products (three tablets and 
one liquid) were evaluated for their in uitro properties and in uiuo com- 
parative bioavailability. The i n  uiuo properties included assay, hardness, 
thickness, friability, weight variation, content uniformity, disintegration, 
and dissolution. A statistically significant variation was observed in fri- 
ability, disintegration, and dissolution. The dissolution rates were de- 
termined in 0.1 N HCl under sink conditions, and the 2'50% value for 
Brand A was 50 min while the values for Brands B and C were 1 min. The 
in  uiuo evaluation was completed in four subjects with a urinary excretion 
experiment using a crossover design. The calculated elimination half-lives 
were 4.12,2.77,3.14, and 2 hr for Brands A, B, and C and the standard, 
respectively. The relative bioavailabilities (with respect to solution) were 
82,87, and 92% for Brands A, B, and C, respectively. The mean amount 
excreted with Brand A was less than the reference a t  all time points, al- 
though it was not significant. Comparison of the i n  uitro and in uiuo data 
for the three tablets indicated that the rate and amount of acetaminophen 
excreted may be related to the dissolution rate. 


Keyphrases 0 Acetaminophen-bioavailability, in uitro and in  uiuo 
properties of three commercial tablets compared 0 Bioavailability- 
acetaminophen, in uitro and in uiuo properties of three commercial 
tablets compared o Tablets-acetaminophen, bioavailability, i n  uitro 
and in uiuo properties of three commercial tablets compared 


The popularity of acetaminophen, a nonsalicylate and 
analgesic/antipyretic, as an aspirin substitute has in- 


creased to the point that the drug is now available from 
many sources in several dosage forms in the United States. 
However, of the more than 30 manufacturers and dis- 
tributors of acetaminophen tablets, only four companies 
provided bioavailability data in a recent survey (1,2). 


Mattok et al. (3,4) and McGilveray et al. (5) studied the 
physiological availability of different commercial dosage 
forms and found no significant differences among the 
formulations in blood level or urinary excretion parame- 
ters. However, other investigators (6, 7) reported differ- 
ences in blood and plasma levels of acetaminophen after 
administration of various formulations. Therefore, this 
study evaluated three commercially available1 acetami- 
nophen products (A, B, and C) and a reference solution2 
(D), utilizing urinary excretion data, and correlated these 
data with several physicochemical and manufacturing 
parameters. 


* Brand A was acetaminophen tablets USP, lot 027791, Interstate Drug Exchange, 
Plainview, NY 11805; Brand B was Tylenol tablets, lot 2751, McNeil Laboratories, 
Fort Washington, PA 19034; and Brand C was Datril tablets, lot DA853401, MNFL, 
Bristol Myers Co., New York, NY 10022. 


Brand D was acetaminophen powder, McNeil Laboratories, Fort Washington, 
PA 19034. 
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sampling at  closer time intervals are needed to confirm these observa- 
tions. The data for all patients could be described approximately by the 
sum of two exponentials, and the mean elimination half-life was -40 min. 
The plasma concentration-time profile for one subject is shown in Fig. 
2. 


The pharmacokinetics of captopril in the four patients taking the drug 
chronically indicate that changes in plasma captopril concentrations do 
not reflect blood pressure changes. In all patients, captopril was unde- 
tected in their plasma 3-4  hr after dosing, yet blood pressure had not risen 
at this time. Blood levels of captopril metabolites, such as the disulfide, 
possibly may be a more useful index of the hemodynamics of this 
drug. 


In conclusion, it was demonstrated that plasma captopril can be as- 
sayed with high sensitivity and specificity by first derivatizing this thiol 
compound to a fluorophore using N - (  1-pyrene)maleimide and then 
separating the fluorescent adducts by HPLC. This procedure can also 
be used for assaying another thiol angiotensin-converting enzyme in- 
hibitor, 11, using captopril as the internal standard. This derivatization 
procedure should be suitable for assaying the mucolytic drug N-acetyl- 
cysteine after modification of the HPLC conditions to retard its elu- 
tion. 
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Abstract The pharmacokinetics of bretylium tosylate were investi- 
gated in eight male Charles River rats. Each animal received an intra- 
venous dose (10 mgkg) of [‘*C]bretylium tosylate. Serial blood samples, 
urine, and feces were collected for up to 72 hr. Bretylium concentrations 
in plasma and amounts excreted in urine and feces were determined by 
scintillation counting. On the average, 88 and 95% of the dose were re- 
covered in urine and feces in 24 and 72 hr, respectively. Urinary recovery 
accounted for 65.6% of the dose while 29.7% was excreted in the feces. 
Bretylium concentrations in plasma declined triexponentially and were 
fitted to a three-compartment open model. Bretylium has a very high 
apparent volume of distribution (15 literskg), and its half-life averaged 
5.5 hr. Mean values of the apparent volume of the central compartment, 
plasma clearance, renal clearance, and excretion rate constants of 
bretylium in rats were 1 liter/kg, 1.93 liters/hr/kg, 1.27 litershdkg, and 
1.24 hr-l, respectively. The results indicate that: ( a )  bretylium is strongly 
bound to the tissues and is eliminated by active urinary secretion and by 
biliary excretion in rats, and ( b )  there are strong similarities between the 
pharmacokinetics of bretylium in humans and rats and that this animal 
model might be suitable for interaction studies with other drugs. 


Keyphrases Bretylium tosylate-pharmacokinetics, rats, compared 
with human studies Pharmacokinetics-bretylium tosylate, rats, 
compared with human studies 0 Antiarrhythmic agents-bretylium 
tosylate, pharmacokinetics studied in rats, compared with human 
studies 


Bretylium is a quaternary ammonium compound [ (o-  
bromobenzyl)ethyldimethylamine] used clinically as the 
tosylate salt in the treatment of arrhythmias. Bretylium 
tosylate suppresses ventricular fibrillation in patients 
within minutes following intravenous administration (1). 
Suppression of ventricular tachycardia and other ven- 


CH3 


[ Wlbretyl ium tosylate 


tricular arrhythmias develops more slowly, usually 20-120 
min following parenteral administration (2). 


BACKGROUND 


In humans, bretylium is eliminated intact mainly through the renal 
route (3,4). No metabolites have been identified following administration 
of bretylium tosylate in humans and rats (3). The biological half-life of 
bretylium in normal subjects was 5.5 hr (3). Romhilt et al. (2) reported 
a half-life of 9.75 hr (range 4.2-16.9) in eight patients with cardiac disease. 
More recently, Adir et al. (4) reported a half-life of 8.1 hr for a normal 
subject and of 16.0 and 31.5 hr for two patients with renal impairment. 
In the normal subject, the renal clearance of bretylium was 1 liter/min, 
indicating extensive active secretion, and the urinary excretion of un- 
changed drug accounted for 80% of the dose (4). 


A previous study in the rat (3) demonstrated that 63% of the intra- 
muscular dose (5 mg/kg) was excreted unchanged in the urine and that 
31% was excreted in the feces. Most radioactivity was excreted within 24 
hr. An average of 16% of the intravenous dose (2.5 mgkg) in four rats was 
excreted in the bile within 5 hr. 


This investigation studied the pharmacokinetics of distribution and 
elimination of bretylium in the rat following an intranveous dose of ra- 
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Table I-Percent of Dose of Radioactivity Recovered in Urine 
and Feces following Intravenous Administration of [ 14C]- 
Bretylium Tosylate (10 mg/kg) in Eight Rats 


Table 11-Pharmacokinetic Parameters of Bretylium in Rats: 
Plasma Concentration versus Time following Intravenous 
Administration Fitted to Three-ComDartment ODen Model 


Dose Recovered, % 
Samale Mean cv 


Urine 


Feces 


0-24 hr 
0-72 hr 


0-24 hr 
0-48 hr 


Total 


62.8 
65.6 


25.7 
29.7 
95.3 


7.90 
6.43 


9.73 
9.70 
5.49 


diolabeled bretylium and examined the suitability of the rat model for 
further in uiuo investigation of the drug. 


EXPERIMENTAL 


Bretylium tosylate (labeled at  benzyl carbon with carbon 14, specific 
activity 27.3 pCi/mg) was obtained commercially'. The radioactive drug 
was diluted with the cold drug2 to a final specific activity of 3.242 
pCi/mg. 


Eight male Charles River CD3 rats, 390-460 g, were kept in individual 
metabolism cages during the study. One day before the drug adminis- 
tration, a cannula was inserted surgically into the jugular vein of each rat 
under light ether anesthesia to allow intravenous dosing and systemic 
blood sampling. The preparation of the cannulas and the surgical pro- 
cedure were described previously (5). At time zero, a 10-mg/kg dose of 
[14C]bretylium tosylate in solution was given intravenously through the 
jugular vein cannula after an overnight fast. The cannula was flushed with 
0.5 ml of heparinized saline. 


Food was withheld for 3 hr after drug administration, but water was 
freely available a t  all times. Serial blood samples (0.4 ml) were drawn a t  
0 Gust before drug administration), 0.25,0.5,0.75,1,1.5,2,3,4,6,8, and 
10 hr following dosing and were placed in heparinized microcentrifuge 
tubes; the plasma was separated immediately. The blood volume with- 
drawn from the rat was replaced with an equal volume of heparinized 
saline. Urine and feces were collected for 72 and 48 hr, respectively. 


The total radioactivity in plasma was determined by counting an ali- 
quot of the plasma or urine in a liquid scintillation counter4. The total 
radioactivity in the feces was measured after homogenization and com- 
bustion of an aliquot of the homogenate by a sample oxidizer5. 


Plasma concentration uersus time data of each rat were fitted to a 
three-compartment open model (6), with elimination from the central 
compartment, using the NLIN procedure available in SAS6 package (7). 
Marquardt's iterative method was used with a convergence criterion of 


Each Observation was weighted by the reciprocal of its square to 
estimate the /3-phase parameters, B and @, which were used to estimate 
P,  K, A, and a without weighing. Derived constants and parameters then 
were calculated from the estimated parameters using standard equations 
(6). 


RESULTS AND DISCUSSION 


Table I summarizes the recovery of bretylium measured as radioac- 
tivity in urine and feces following intravenous administration of [l4CC]- 
bretylium tosylate to eight rats. On the average, >95% of the dose was 
recovered in urine and feces in 72 hr. Urinary recovery was 65.6% of the 
dose, and the recovery in the feces was 29.7%. These values are in good 
agreement with the previously reported data for rats (3). An average of 
88% of the dose was excreted within the first 24 hr. In humans, however, 
the urinary excretion of unchanged drug in 3 days accounted for 80-90% 
of the dose (3). 


The method used in this study to fit the plasma concentration data to 
the exponential curve represented by the three-compartment open model 
was modified slightly. Because of wide and prolonged distribution of the 
drug, the @ phase (4 hr after drug administration) consisted of only three 
or four data points. It was found that simultaneous determination of all 
six least-squares parameters may lead to a bias in the characterization 


New England Nuclear, Boston, Mass. * American Critical Care, McGaw Park, Ill. 
Charles River Breeding Laboratories, Wilmington, Mass. 


* Model 2425, Packard Instrument Co., Downers Grove, Ill. 
Model B306, Packard Instrument Co., Downers Grove, Ill. 
Statistical Analysis System, SAS Institute, Raleigh, N.C. 


Parameter Mean SD cv 
Model Parameters and Rate Constantsa 


P. udml 4.85 0.925 19.1 
6.77. 2.48 36.6 
0.742 0.645 86.9 
1.28 0.603 47.3 
0.231 0.033 14.2 
0.131 0.024 18.2 


Derived Parameters and Constants* 
t 112, hr 1.01 18.6 
AUC, (fig hr)/ml ::E 0.264 8.59 
V,, literdk 1.05 0.242 23.1 
vd,& literskg 15.1 2.71 17.9 
C1 liters/hr/kg 1.93 0.166 8.62 
Clf),' liters/hr/kg 1.27 0.170 13.4 
klz, hr-' 1.84 0.949 51.6 
k z l ,  hr-' 2.18 1.54 70.6 


1.97 0.484 24.5 
0.288 0.038 16.1 . ~~ 


1.89 
1.24 


0.305 23.6 
0.210 16.9 


n = 8. * See text for definiGons. 


of the pharmacokinetic parameters of bretylium. This problem could be 
overcome by first fitting only the points in the @ phase to the monoex- 
ponential equation and by weighing each observation by the reciprocal 
of its square. The influence of the a phase thus was minimized, and the 
best possible estimates of the @-phase parameters, B and @, were ob- 
tained. By using these two predetermined parameters, all data points, 
including those in the p phase, were simultaneously fitted again to the 
triexponential equation. This time no weighting factor was used. Through 
this procedure, the nonlinear least-squares estimates of P ,  K, A ,  and a 
were found, describing the distribution phase. 


The mean values of the pharmacokinetic parameters estimated by this 
procedure, as well as the derived parameters calculated from the esti- 
mated parameters, are presented in Table 11. The standard deviation and 
coefficient of variation of each parameter also are listed. A representative 
semilogarithmic plot of the plasma concentration uersus time data from 
an individual rat is shown in Fig. 1. 


In rats, bretylium is distributed rapidly in the body into two peripheral 


0 2.0 


f 1.0 


2 


a k 
U 
I- 


0 . 0 5 .  0 2 4 6 8 10 


HOURS 
Figure 1-Representatiue semilogarithmic plot of concentration of 
bretylium in plasma versus time folEowing intravenous administration 
of bretylium tosylate (10 mglkg) t o  a rat. The curue represents the data 
fi t ted t o  the three-compartment open model. 
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compartments. The apparent equilibrium between the compartments 
was achieved within 3 hr. The apparent volume of the central compart- 
ment (V,) was 1 literkg. The distribution half-life of the shallow and deep 
compartments (Compartments 2 and 3) were 6.14 and 32.5 min, respec- 
tively. In the postdistribution phase, the plasma levels declined with a 
terminal half-life of 5.45 hr (range 4.0-7.4). The plasma clearance (Cl,) 
and the apparent volume of distribution (Vd,& averaged 1.93 liters/hr/kg 
and 15 literdkg, respectively. This unusually high apparent volume of 
distribution and the significant drop in plasma levels from 3-4 pg/ml at  
6 min after injection to <200 ng/ml within 3 hr indicated extensive tissue 
uptake of bretylium in rats. Similar binding characteristics of bretylium 
were demonstrated in humans (8). 


The intercompartmental distribution rate constants (kl2 and k21) 
between the central compartment and Compartment 2 in the same rat  
were close to each other and ranged from 0.8 to 5.1 hr-I between rats. 
However, the transfer rate constant (k31) from the third compartment 
to the central compartment was considerably smaller (mean 0.288 hr-’) 
than either 1213 (the intercompartmental rate constant in the opposite 
direction, 1.97 hr-l) or the elimination rate constant (klo, 1.89 hr-l). This 
finding suggests that tissue binding in Compartment 3 (the deep com- 
partment) is rate limiting in the elimination of bretylium from the 
body. 


The excretion rate constant (keJ and the renal clearance (CZ,) of 
bretylium in rats were 1.24 hr-l and 1.27 liters/hr/kg, respectively. This 
renal clearance corresponds to 21 ml/min/kg and represents 66% of the 
total body clearance; it is about three times greater than the glomerular 
filtration rate of 6.648 ml/min/kg reported for normal rats (9,lO). I t  also 
indicates that active secretion is the major mechanism of urinary excre- 
tion of bretylium in rats. A similar mechanism of active secretion of 
bretylium in urine also was demonstrated for humans (4). 


The major portion of the nonrenal excretion of bretylium probably 
occurs through the bile, as indicated by the recovery of -30% of the dose 
in feces in 48 hr. If excretion in the bile is rapid immediately after dosing, 
there is a possibility of enterohepatic cycling. The extent of biliary ex- 
cretion of bretylium has not been investigated in humans. However, on 
the basis of urinary excretion data, a much smaller quantity is expected 


to be eliminated uia the biliary route. 
In summary, these results indicate that bretylium is extensively dis- 


tributed in rats, bound to  the tissues, and excreted mainly unchanged 
in the urine, mostly by active secretion, similar to the findings in humans. 
Biliary excretion is the second major route of elimination of bretylium 
in rats. The data also show striking similarity in the pharmacokinetics 
of distribution and elimination of bretylium in humans and rats. This 
similarity might allow the use of the animal model for further in oiuo 
investigations, including efficacy and drug-drug interaction studies in 
the rat. 
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Abstract 0 A rapid and specific high-performance liquid chromato- 
graphic method for the quantitative determination of cloprednol in 
human plasma is described. Samples were extracted using methylene 
chloride-ether (40:60) and then purified further by solvent and pH 
partitioning techniques. Cloprednol was analyzed using normal-phase 
chromatography and UV detection at  254 nm. The final recovery after 
losses during the cleanup procedure for cloprednol from human plasma 
was 80.8%. The lowest concentration that could be measured with con- 
fidence was 8 ng/ml. 


Keyphrases 0 Cloprednol-high-performance liquid chromatographic 
analysis, human plasma High-performance liquid chromatogra- 
phy-analysis, cloprednol in human plasma 0 Anti-inflammatory 
agents-cloprednol, high-performance liquid chromatographic analysis, 
human plasma 


Cloprednol (6-chloro-ll~,l7a,21-trihydroxypregna- 
1,4,6-triene-3,20-dione, I) is a fast-acting corticoid used 
in the treatment of collagen and allergic diseases (1). 


Recently published analytical techniques for the 
quantitative determination of 17-hydroxycorticoids in 


CH,OH 


c=o I 


61 
I 


plasma include radioimmunoassays (2-5), competitive 
protein binding (6-8), GLC-mass spectrometry (9, lo), and 
high-performance liquid chromatography (HPLC) (1 1- 
15). The specificity in radioimmunoassays and competitive 
protein binding methods remains questionable due to the 
cross-reactivity by structurally similar compounds (16,171. 
The GLC-mass spectrometric technique is specific but 
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compartments. The apparent equilibrium between the compartments 
was achieved within 3 hr. The apparent volume of the central compart- 
ment (V,) was 1 literkg. The distribution half-life of the shallow and deep 
compartments (Compartments 2 and 3) were 6.14 and 32.5 min, respec- 
tively. In the postdistribution phase, the plasma levels declined with a 
terminal half-life of 5.45 hr (range 4.0-7.4). The plasma clearance (Cl,) 
and the apparent volume of distribution (Vd,& averaged 1.93 liters/hr/kg 
and 15 literdkg, respectively. This unusually high apparent volume of 
distribution and the significant drop in plasma levels from 3-4 pg/ml at  
6 min after injection to <200 ng/ml within 3 hr indicated extensive tissue 
uptake of bretylium in rats. Similar binding characteristics of bretylium 
were demonstrated in humans (8). 


The intercompartmental distribution rate constants (kl2 and k21) 
between the central compartment and Compartment 2 in the same rat  
were close to each other and ranged from 0.8 to 5.1 hr-I between rats. 
However, the transfer rate constant (k31) from the third compartment 
to the central compartment was considerably smaller (mean 0.288 hr-’) 
than either 1213 (the intercompartmental rate constant in the opposite 
direction, 1.97 hr-l) or the elimination rate constant (klo, 1.89 hr-l). This 
finding suggests that tissue binding in Compartment 3 (the deep com- 
partment) is rate limiting in the elimination of bretylium from the 
body. 


The excretion rate constant (keJ and the renal clearance (CZ,) of 
bretylium in rats were 1.24 hr-l and 1.27 liters/hr/kg, respectively. This 
renal clearance corresponds to 21 ml/min/kg and represents 66% of the 
total body clearance; it is about three times greater than the glomerular 
filtration rate of 6.648 ml/min/kg reported for normal rats (9,lO). I t  also 
indicates that active secretion is the major mechanism of urinary excre- 
tion of bretylium in rats. A similar mechanism of active secretion of 
bretylium in urine also was demonstrated for humans (4). 


The major portion of the nonrenal excretion of bretylium probably 
occurs through the bile, as indicated by the recovery of -30% of the dose 
in feces in 48 hr. If excretion in the bile is rapid immediately after dosing, 
there is a possibility of enterohepatic cycling. The extent of biliary ex- 
cretion of bretylium has not been investigated in humans. However, on 
the basis of urinary excretion data, a much smaller quantity is expected 


to be eliminated uia the biliary route. 
In summary, these results indicate that bretylium is extensively dis- 


tributed in rats, bound to  the tissues, and excreted mainly unchanged 
in the urine, mostly by active secretion, similar to the findings in humans. 
Biliary excretion is the second major route of elimination of bretylium 
in rats. The data also show striking similarity in the pharmacokinetics 
of distribution and elimination of bretylium in humans and rats. This 
similarity might allow the use of the animal model for further in oiuo 
investigations, including efficacy and drug-drug interaction studies in 
the rat. 
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Cloprednol (6-chloro-ll~,l7a,21-trihydroxypregna- 
1,4,6-triene-3,20-dione, I) is a fast-acting corticoid used 
in the treatment of collagen and allergic diseases (1). 


Recently published analytical techniques for the 
quantitative determination of 17-hydroxycorticoids in 
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plasma include radioimmunoassays (2-5), competitive 
protein binding (6-8), GLC-mass spectrometry (9, lo), and 
high-performance liquid chromatography (HPLC) (1 1- 
15). The specificity in radioimmunoassays and competitive 
protein binding methods remains questionable due to the 
cross-reactivity by structurally similar compounds (16,171. 
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Table I-Extraction Efficiency of [3H]Cloprednol from 3.0 ml of 
Human Plasma 


A 
Extraction Step 


Percent 
of Spiked 


[3H]Cloprednol 


0 2 4 6 8 10 12 14 16 18 20 
RETENTION TIME. min 


B 


o i 4 6 S 1'0 1'2 i '4  1'6 1'8 20 
RETENTION TIME, min 


1 


In Lc 


a 
Lo 
0 
9 
0 - 
;x N E l  
I- a 1  


I . .  9 .  1 . .  1 . .  


0 2 4 6 8 10 12 14 16 18 20 
RETENTION TIME, min 


Figure 1-HPLC chromatograms of human plasma assayed as de- 
scribed. Key: A, chromatogram from 3 ml of blank human plasma; B,  
chromatogram from 3 ml of human plasma spiked with 300 ng of clo- 
prednol(100 nglml) and 200 ng of prednisolone (66.7 nglml) as the in- 
ternal standard; and C, chromatogram of extracted human plasma 
sample (1 ml) 4 hr after an oral dose of 12.5 mg of cloprednol was diluted 
with blank human plasma to 3 ml and 200 ng of prednisolone (66.7 
nglml) as an internal standard was added. 


Methylene chloride-ether extraction 88.7 
Methanol-water layer 83.4 
Methylene chloride-ether after washing 80.4 


(overall extraction) 


requires extensive sample cleanup and time-consuming 
derivatization (9, 10). 


A simple, sensitive, and specific HPLC method for the 
measurement of cloprednol in human plasma without 
derivatization is described here. By utilizing normal-phase 
chromatography, it was possible chromatographically to 
resolve structurally related endogenous corticoids like 
cortisol and drugs like prednisone. This method was ap- 
plied to determine plasma concentrations in humans after 
the oral administration of 12.5 mg of cloprednol. 


EXPERIMENTAL 


Reagents and Materials-Cloprednoll, [3H]cloprednol', predniso- 
lone2, and a complete oxidizer cocktail3 were used as received. Dis- 
tilled-in-glass grade4 methanol, hexane, and methylene chloride and 
absolute ethanol5 were used. All other chemicals and reagents were re- 
agent grade and were used as received. 


Apparatus-Analyses were performed on a high-performance liquid 
chromatograph6 at  ambient temperature. The chromatograph was 
equipped with a fixed-wavelength (254 nm) spectroph~tometer~. A 
commercial 4.6-mm X 25-cm prepacked normal-phase columns with a 
precolumns (2 mm X 7.1 cm) was used. Samples were introduced onto 
the column through a septumless injectorlo with a 100-jd syringe. 


A liquid scintillation spectrometer1' was used for [3H]cloprednol 
counting. 


Chromatographic Conditions-The mobile phase was methylene 
chloride-ethanol-acetic acid (96:4:0.01) with the flow rate adjusted to 
2.0 ml/min (1300 psi) a t  0.005 aufs. The solvent mixture was degassed 
by stirring under vacuum before use. Prednisolone was the internal 
standard. 


Extraction-Sample aliquots, 0.1-3 ml, were diluted with blank 
plasma to 3 ml. A 200-4 spiking solution of prednisolone, used as the 
internal standard [equivalent to 1 ng/pl of methanol-water (1:9)], wa8 
added. Additional water was added to bring the total volume to 3.5 ml. 
The mixture was extracted with 10 ml of 40% methylene chloride in ether 
by shaking on a reciprocal shaker for 10 min. After centrifugation, the 
organic layer was transferred to another tube and evaporated to dryness 
under nitrogen at  37'. 


To the dry residue was added 2 ml of methanol containing 10% water. 
After the tubes were vortexed, the methanol-water layer was washed 
three times with h e m e  (3 ml). The hexane washings were discarded, and 
the remaining methanol-water layer was dried at 37' under nitrogen. The 
dry residue was reconstituted in 10 ml of 40% methylene chloride in ether, 
and the organic layer was washed with 2 ml of 0.1 N HCl. 


After centrifugation, the acidic layer was pipetted out, and the organic 
layer was washed with 3 ml of 0.1 N NaOH. After centrifugation, the 
organic layer was transferred to a 15-ml conical centrifuge tube and 
evaporated to dryness under nitrogen at 37O. The residue was redissolved 
in 100 pl of methylene chloride by vigorous vortexing, and 50-75 p1 was 
injected for quantitation. 


Extraction Efficiency-To drug-free pooled plasma (3 ml) were 


Synthesized and supplied by Syntex Research, Palo Alto, Calif. 
Sigma Chemical Co., St. Louis, Mo. 
Oxifluor-H20, New England Nuclear, Boston, Ma&. 
Burdick & Jackson Laboratories, Muskegon, Mich. 
Gold Shield, Terre Haute, Ind. 
Model 6000A, Waters Associates, Milford, Mass. ' Model 440, Waters Associates, Milford, Mass. 
LiChrosorb Si 60 5 pm, Altex, Berkeley, Calif. 
HC Pellisol, Whatman, Clifton, N.J. 


lo Model U6K, Waters Associates, Milford, Mass. 
l1 Model 3330, Packard Instrument Co., Chicago, 111. 
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Table 11-Four Calibration Curves of Cloprednol Extracted from 3.0 ml of Pooled Human Plasma 


Amount of 
Cloprednol 
Spiked, ng 


Peak Height Ratio of Cloprednol to Internal Standard 
1 2 3 4 Average cv, % 


25 0.11 
50 0.24 


100 0.43 
200 0.98 
300 1.38 
Slope 0.0047 
y intercept -0.0051 
Linear regression ( r )  0.9983 


0.11 
0.21 
0.49 
0.99 
1.42 
0.0048 


-0.0091 
0.9991 


0.12 
0.25 
0.49 
0.95 
1.37 
0.0045 


+0.0228 
0.9995 


0.11 
0.24 
0.43 
0.89 
1.34 
0.0045 
0.0013 
0.9997 


0.11 4.44 
0.24 7.37 
0.46 7.53 
0.95 4.72 
1.38 2.40 
0.0045 
0.0027 
0.9997 


added a known amount of [3H]cloprednol and 100 ng of cloprednol. The 
spiked pooled plasma sample was processed through the entire procedure. 
A t  each extraction step, an aliquot of the organic layer was taken; the 
amount of radioactivity extracted was determined by counting the aliquot 
in 10 ml of scintillation fluid3. 


RESULTS AND DISCUSSION 


Cloprednol, a compound structurally similar to prednisolone, is a 
synthetic derivative of glycosteroids. I t  has an anti-inflammatory ther- 
apeutic potency twice that of prednisone and prednisolone on a milligram 
per kilogram basis (1). 


The method described permits the analysis of underivatized clo- 
prednol, thus making analysis simple and rapid. Cloprednol has three 
UV absorption peaks at 228,256, and 299 nm with Em,, values of 11,200, 
10,400, and 10,400, respectively. In this method, cloprednol was analyzed 
at  254 nm because of the commercial availability of the filter for the UV 
detector. 


Under the described chromatographic conditions, the retention times 
of cloprednol and prednisolone (internal standard) were 14 and 17 min, 
respectively. Blank plasma samples not spiked with cloprednol or internal 
standard were processed through the entire procedure. The chromato- 
gram shown in Fig. 1A clearly indicates that there was no interference 
from endogenous substances at the retention times of cloprednol and the 
internal standard. The chromatogram of an extracted human plasma 
sample spiked with 300 ng of cloprednol and 200 ng of the internal 
standard is shown in Fig. 1B. 


(A) Reference 


CH,OSi(CH,), 
I 


CHIO N 


ja MH+l 667 


520 550 600 650 


MH. 


(6) Sample 


700 


'67 


520 550 600 650 700 


Figure 2-Methane chemical-ionization mass spectra of methoxyimino 
trimethylsilyl derivative of cloprednol reference standard (A) and 
plasma extract (B). 


Plasma samples were extracted utilizing methylene chloride-ether 
(4060). The extraction efficiency of cloprednol from 3.0 ml of human 
plasma was 88.7%. The extracts were purified further by solvent and pH 
partitioning techniques. Hexane was used to remove lipophilic sub- 
stances, and acid-base washes were used to remove interference by en- 
dogenous substances. 


The recovery of [3H]cloprednol a t  each step during extraction was 
determined (Table I). The final recovery after losses during the cleanup 
procedure was 80.8%. 


Linearity was established by preparing four calibration curves. The 
coefficients of variation (intraassay) at concentrations of 25,50,100,200, 
and 300 ng/3.0 ml of plasma were 4.44,7.37,7.53,4.72, and 2.40%, re- 
spectively (Table 11). The calibration curve, as constructed by plotting 
the peak height ratio of cloprednol to the internal standard versus the 
amount of cloprednol spiked, was linear (y = 0.9997) over the range 
(25-300 ng/3 ml) studied. 


The specificity of the method was confirmed by chemical-ionization 
mass spectral studies. The HPLC-eluted peak of cloprednol from a dosed 
plasma sample was collected and derivatized as reported previously (18). 
The mass spectrum obtained from the cloprednol standard and that from 
the substance eluted in the chromatographic peak were identical (Figs. 
2A and 2B). Based on this information, the peak was identified as clo- 
prednol. 


To show the applicability of the described method, a plasma sample 
obtained 4 hr after oral administration of cloprednol(l2.5 mg) was pro- 
cessed. The chromatogram of the extracted sample is shown in Fig. 1C. 
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Figure 3-Plasma cloprednol level-time profile of a human volunteer 
given a 12.5-mg oral dose. 
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Figure 4-Selected ion chromatograms of blank plasma (3 ml) spiked 
with the internal standard (top) and a plasma sample obtained 90 min 
after the administration of a 12.5-mg oral dose of cloprednol (bottom). 


The developed method also established a plasma level-time profile of 
a normal human volunteer following an oral dose of 12.5 mg of cloprednol 
(Fig. 3). 


To validate the present HPLC method, plasma specimens were assayed 
by both HPLC and GLC-mass spectrometric12 methods. To analyze the 
plasma samples by chemical-ionization mass spectrometry, the samples 
were extracted with ether and the extracts were cleaned by using min- 
iature adsorption columns. A structural analog was used as an internal 
standard. The corticoids were converted to their methoxyimino tri- 
methylsilyl derivatives to render them stable to analysis by GLC-mass 
spectrometry. A typical ion chromatogram obtained using GLC-mass 
spectrometry is shown in Fig. 4. 


Numerous plasma samples from volunteers dosed with cloprednol were 
analyzed by both procedures. The excellent correlation between the two 
methods is indicated by the slope of 1.04 obtained from the scatter di- 
agram shown in Fig. 5. 
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Scheme II 
purification of I and probably is entrapped in the crystalline product. This 
solvent entrapment by the pyridazinones is observed frequently. As with 
I11 and IV, the synthetic and isolated samples of V were identical in the 
two TLC systems and had identical NMR and IR spectra. Of particular 
note was the downfield shift of the methylene protons between the two 
pyridazinone rings (Table I). 


'rhis initial invcstigation did not result in the isolation of any product 
of the 0-alkylation of I by ethylene carbonate. A synthesis for the 0- 


alkylated compound, VII, was developed following the route shown in 
Scheme 11. However, this compound was not resolved from I1 by the 
chromatographic systems outlined in Fig. 1. Using an authentic sample 
of VII, a TLC and HPLC system was developed that separated VII from 
I and 11. With a mobile phase of hexane-methylene chloride-2-propanol 
(16:3:1), the capacity factors for I1 and VII were 3.7 and 4.4, respectively. 
This system indicated that VII was present in I1 a t  a level of 0.1%. This 
conclusion was supported by the spiking of the I1 sample with synthetic 
VII. 


The biological activities of 111-V and VII were compared with that of 
11. As shown in Table 111, both IV and V lacked antihypertensive activity 
and were not acutely toxic. The formate ester, 111, had antihypertensive 
activity similar to that of 11. This activity also was observed for other 
aliphatic and aromatic esters of I1 (4). Compound VII had slight, although 
not statistically significant, antihypertensive activity. In addition, VII 
appeared to be more toxic than 11. 
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Abstract Four different acetaminophen products (three tablets and 
one liquid) were evaluated for their in uitro properties and in uiuo com- 
parative bioavailability. The i n  uiuo properties included assay, hardness, 
thickness, friability, weight variation, content uniformity, disintegration, 
and dissolution. A statistically significant variation was observed in fri- 
ability, disintegration, and dissolution. The dissolution rates were de- 
termined in 0.1 N HCl under sink conditions, and the 2'50% value for 
Brand A was 50 min while the values for Brands B and C were 1 min. The 
in  uiuo evaluation was completed in four subjects with a urinary excretion 
experiment using a crossover design. The calculated elimination half-lives 
were 4.12,2.77,3.14, and 2 hr for Brands A, B, and C and the standard, 
respectively. The relative bioavailabilities (with respect to solution) were 
82,87, and 92% for Brands A, B, and C, respectively. The mean amount 
excreted with Brand A was less than the reference a t  all time points, al- 
though it was not significant. Comparison of the i n  uitro and in uiuo data 
for the three tablets indicated that the rate and amount of acetaminophen 
excreted may be related to the dissolution rate. 


Keyphrases 0 Acetaminophen-bioavailability, in uitro and in  uiuo 
properties of three commercial tablets compared 0 Bioavailability- 
acetaminophen, in uitro and in uiuo properties of three commercial 
tablets compared o Tablets-acetaminophen, bioavailability, i n  uitro 
and in uiuo properties of three commercial tablets compared 


The popularity of acetaminophen, a nonsalicylate and 
analgesic/antipyretic, as an aspirin substitute has in- 


creased to the point that the drug is now available from 
many sources in several dosage forms in the United States. 
However, of the more than 30 manufacturers and dis- 
tributors of acetaminophen tablets, only four companies 
provided bioavailability data in a recent survey (1,2). 


Mattok et al. (3,4) and McGilveray et al. (5) studied the 
physiological availability of different commercial dosage 
forms and found no significant differences among the 
formulations in blood level or urinary excretion parame- 
ters. However, other investigators (6, 7) reported differ- 
ences in blood and plasma levels of acetaminophen after 
administration of various formulations. Therefore, this 
study evaluated three commercially available1 acetami- 
nophen products (A, B, and C) and a reference solution2 
(D), utilizing urinary excretion data, and correlated these 
data with several physicochemical and manufacturing 
parameters. 


* Brand A was acetaminophen tablets USP, lot 027791, Interstate Drug Exchange, 
Plainview, NY 11805; Brand B was Tylenol tablets, lot 2751, McNeil Laboratories, 
Fort Washington, PA 19034; and Brand C was Datril tablets, lot DA853401, MNFL, 
Bristol Myers Co., New York, NY 10022. 


Brand D was acetaminophen powder, McNeil Laboratories, Fort Washington, 
PA 19034. 
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Table I-Manufacturing Parameters of the Brands of 
Acetaminophen Tablets 


Table 11-Disintegration Data a of the Three Brands of 
Acetaminonhen Tablets 


~~ 


Brand Brand Brand 
Parameter A B C 


Gastric Intestinal 
Brand Water Fluid Fluid 


Weight, g 
Mean 
SD cv 
Mean 
SD 


Hardness, kg 


397.60 434.2 479.1 
8.52 4.36 6.60 
2.00 1.00 1.37 


3.1 6.7 9.3 
0.43 0.78 0.82 


Thickness, mm 
Mean 5.00 4.9 5.00 
SD 0.08 0.03 0.03 


Mean 99.36 102.00 99.00 
SD 3.00 1.99 3.05 


Friability ' - 1.93 1.01 
Content uniformity, % 


EXPERIMENTAL 


In Vivo Study--Four healthy volunteers, one female and three males, 
24-35 years old, were the subjects. The treatments consisted of three 
brands of acetaminophen tablets acquired by normal channels of drug 
distrihution. A 650-mg dose of  acetaminophen (two 325-mg tablets) was 
administered to each subject. The control was 650 mg of pure acetami- 
nophen in 100 ml of water acidified with 0.1 N HGl in which the acet- 
aminophen was completely dissolved. 


The subjects received each of the four treatments (A-D) in a com- 
pletely randomized Latin square design. A 1-week period was employed 
between each dosage interval to allow for complete drug elimination. 
Urine voids were collected predose and 0.5,1, 1.5,2,3,4,6,8,10, and 12 
hr postadministration. Urine sam$les were wllected in 500-ml plastic 
graduated cylinders. The volume was measured and recorded, and an 
aliquot was frozen until it was assayed. 4 


Spectrophotometric Determination of Acetaminophen in  
U r i n h T h e  method used for the determination of acetaminophen in 
urine was a modified form of the spectrophotometric assay developed 
by Plakogiannis and Saad (8,9) for plasma acetaminophen. To 2 ml of 
urine in a screw-capped, 20-ml centrifuge tube was added 4 ml of 3 N HCl, 
and the sample was diluted with distilled water to 10 ml. The tube was 
centrifuged at  5ooo rpm for 1 hr, and the clear supernate was treated with 
ether (4 ml) two to three times. The p-aminophenol then was extracted 
from ether with 10 ml of 1 N HCl. Five milliliters of 5% vanillin in iso- 
propanol was added to 2 ml of the acidic extract; the resulting yellow color 
was measured at  395 nm. Concentrations were determined from a pre- 
viously constructed standard curve. 
In Vitro Assessment of Dosage Forms-Weight variation tests were 


performed on 20 tablets of each brand according to the USP XIX method 
(10) for determining permissible limits of weight variation. Although 
hardness variation is not specified for acetaminophen tablets, the ability 
of the tablets to withstand physical abuse was determined3. Their vari- 
ation in thickness and their friability4 also were determined. 


Disintegration times were determined using an apparatus conforming 
to the USP XIX (11) specifications and six tablets of each brand. The 
disintegration times were determined in purified water, simulated gastric 
fluid5 without enzymes (pH 1.2), and simulated intestinal fluids (pH 7.5) 
maintained at  37 f lo as the immersion fluid. 


Dissolution rates were determined in 0.1 N HCl in a basket stirrer as- 
sembly meeting the USP XIX (11) requirements and equipped with 
Pyrex beakers. The stirrer speed was 85 rpm. The whole assembly was 
immersed in a suitable water bath that kept the water constantly in 
motion and held the temperature a t  37 f 0.5O. A t  time zero, one tablet 
was introduced into the dissolution medium; a t  the same time, 5.0 ml of 
the dissolution medium was withdrawn and replaced with 5 ml of the 
appropriate fluid. 


3 Stokes-Monsanto tester, Erweka Chemical and Pharmaceutical Industry Co., 
New York, N.Y. 


Roche friabilator, Erweka Chemical and Pharmaceutical Industry Co., New 
York, N.Y. 


The simulated gastric fluid was prepared by adding 2 g of sodium chloride to 
7.0 ml of hydrochloric acid and bringing the solution to loo0 ml with distilled 
water. 


6 The simulated intestinal fluid was made by dissolvin monobasic potassium 
phosphate (6.8 g) in 250 ml of water. Then 190 ml of 0.2 NaOH and 400 ml of 
water were added. The resulting solution was adjusted with 0.2 N NaOH to pH 7.5 
f 1 and diluted with water to lo00 ml. 


~ ~~~ 


A 22 >30 
B 0.28 0.33 
C 2.9 1.9 


5.1 
3.0 
0.28 


a Each value is expressed in minutes and is the average of six tableta. 


Table 111-Percentage of Drug Liberated at Different 
Dissolution Times 


Brand T25% T W  T75~ 


A 30.0 f 3.27 50 f 0.00 85 f 6.8 
B 0.5 f 0.00 1 f 1.73 3 f 0.00 
C 0.5 f 1:35 1 f 2.70 3 f 2.65 


a The values are expressed in minutes and include the standard deviation. 


The samples were filtered and placed in a 30-ml bottle, which was 
immersed in ice to slow hydrolysis. In the same manner, samples were 
taken every 0.5 min for 7 min for Brands B and C. For Brand A, the 
samples were analyzed every 5 min for up to 90 min. The reproducibility 
of dissolution was confirmed with three sets of tablets from each lot, and 
all analyses were performed in triplicate. The samples were analyzed 
spectrophotometrically. 


Tablet Assay-The analysis was done according to the method of 
Plakogiannis and Saad (8, 9). Twenty acetaminophen tablets were 
weighed and pulverized, and an accurate weight of the powder sample 
corresponding to 200 mg of acetaminophen, based on the label claim, was 
transferred to a suitable container. Then 50 ml of 4 N HCl was added. 
The solution was shaken mechanically for 20 min, filtered into a 100-ml 
volumetric flask, and diluted to volume with 4 N HC1. The flask contents 
were mixed well, and 1 ml was transferred to a test tube. Then 5 ml of 4 
N HCl was added, and the tube was heated for 1 hr in a water bath. The 
tubes were allowed to cool, and the contents were transferred quantita- 
tively to a 50-ml volumetric flask. The amount of p-aminophenol was 
calculated from a calibration curve and multiplied by a factor of 1.385. 


5 1 0  15 20 25 
MINUTES 


Figure 1-In vitro dissolution of three formulations of acetaminophen 
tablets. Key: 0, Brand A; 0, Brand B; and 0, Brand C. 
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Table IV-Cumulative Percent Urinary Excretion of Four Brands of Acetaminophen as a Function of Time * 
Hours Brand A Brand B Brand C Brand D 


0.5 
1 .o 
1.5 
2.0 
3.0 
4.0 
6.0 
8.0 


12.0 


3.69 (1.2) 
16.67 (3.92) 
25.48 (6.31) 
36.41 (7.47) 
40.59 (6.95) 
52.77 (4.07) 
81.46 (5.45) 
91.50 (4.99) 
96.65 (1.81) 


11.24 (2.60) 
27.76 (2.88) 
32.25 (4.66) 
41.42 (5.10) 
55.26 (6.93) 
65.80 (7.18) 
78.13 (7.20) 
87.30 (4.47) 
92.85 (2.19) 


13.38 (1.33) 
23.19 (2.67) 
32.77 (2.96) 
40.61 (3.32) 
54.34 (4.65) 
63.30 (5.30) 
77.38 (5.15) 
85.65 (4.27) 
94.23 (3.31) 


17.71 (3.03) 
28.65 (3.32) 
39.26 (3.33) 
48.36 (3.85) 
62.65 (3.78) 
72.53 (3.84) 
85.34 (2.89) 
92.30 (2.88) 
97.07 (1.07) 


Each value ie the average percent excreted for four subjecta. The values in parentheses are the relative standard deviations. 


Table V-Repeated-Measures Analysis of Variance for In Vivo 
Data (0-12 hr) 


Mean 
Source df Square F Probability 


Drug 3 0.04130 3.08 0.0831 
Error 9 0.01342 
Time 8 0.52573 384.40' O.oo00 
Error 24 0.00137 
Drua-time 24 0.00062 0.75 0.7771 


inbraction 


(I Significance level = p < 0.001. 


Error 72 0.00083 


Table VI-Repeated-Measures Analysis of Variance for In Vivo 
Data (0-4 hr) 


Mean 
Source df Square F Probability 


Drug 3 0.02052 5.34' 0.0218 
Error 9 0.00384 
Time 5 0.14788 112.97* O.oo00 
Error 15 0.00131 
Drug-time 15 0.0057 1.40 0.1911 


inbraction 
Error 45 0.00040 


Significance level = p < 0.05. * Significance level = p < 0.001. 


RESULTS AND DISCUSSION 


The manufacturing parameters for all three brands are given in Table 
I. All brands passed the weight variation test as specified in USP XIX. 
Furthermore, the coefficient of variation of weight was within the stan- 
dards reported by Pietra and Setnikav (12). The resistance of the tablet 
to chipping, abrasion or breakage, transportation, and handling before 
use depends on its hardness. According to King (13), a hardness of 4 kg 
is the minimum for a satisfactory tablet, but Brand A had a hardness of 
<4 kg (Table I). 


Although standards for uniformity in thickness have not been estab- 
lished by the USP, King (13) postulated that a difference in thickness 
of f5% may be allowed, depending on the tablet. The average thicknesses 
(fSD) of the acetaminophen tablets were 5.026 f 0.08,4.90 f 0.03, and 
5.067 f 0.03 mm for Brands A, B, and C, respectively (Table I), which 
fall within the limits set forth by King (13). Official limits for friability 
also have not been established, however, according to Gunsel and Kanig 
(14), a weight loss of <0.8% is considered satisfactory. Only Brand C was 
close to this unofficial limit (Table I). Since most of the Brand A tablets 
lost their edges and showed capping, their friability values were not cal- 
culated. 


The disintegration tests, as specified in USP XIX ( l l ) ,  were performed 
on all of the brands. The average disintegration times were determined 
in water, simulated gastric fluid (without enzymes), and intestinal fluids 
(without enzymes) (Table 11). The disintegration time of Brand A in the 
gastric fluid was longer than the times of the other two lots; furthermore, 
small tablet cores were observed in the basket after 30 min. 


The dissolutioh behavior of the three brands is shown in Fig. 1 and 
Table 111. Figure 1 was constructed by plotting the log concentration of 
undissolved drug versus time. This profile indicates that dissolution is 
associated with apparent first-order kinetics and occurs under sink 
conditions (15,16). The release constants in 0.1 N HCl were determined 


1.11 
I . _ .  


1 2  3 4 6 6 7 8 9 1 0 1 1 1 2  
HOURS 


Figure 2-Amount of unexcreted acetaminophen from four products. 
Key: 0, Brand A; a, Brand B; 0, Brand C; and ., Brand D. 


from the slope of the lines and were 0.1,0.74, and 0.62/min for Brands 
A, B, and C, respectively. Brand A tablets had the slowest dissolution rate. 
In fact, 90 min was required for 80% of the drug from Brand A to be re- 
leased, while only 1 min was required for 99.8 and 100% of the drug to be 
released from Brands B and C, respectively. The slow dissolution rate 
of Brand A is also evident from the T m  value, which was 50 min; it was 
only 1 min for Brands B and C. Brand A also exhibited the longest dis- 
integration time. 


Since acetaminophen is eliminated by first-order kinetics (171, some 
pharmacokinetic parameters were calculated by plotting the log con- 
centration of the excreted drug Versus time. The elimination constant 
(K , )  and the elimination half-life were calculated from the resultam 
slopes (Fig. 2). The mean half-lives were: Brand A, 4.12 hr with a range 
of 3.36-4.80 hr; Brand B, 2.71 hr with a range of 2.42-3.17 hr; Brand C, 
3.12 hr with a range of 1.90-3.70 hr; and Brand D, 2.00 hr with a range 
of 1.51-2.86 hr. Nelson and Morioka (18) reported a mean half-life of 1.95 
f 0.23 hr, while Cummings et al. (17) and McGilveray et al. (5) reported 
values of 2.2 and 3.14 hr, respectively. Hence, Brand A had the longest 
half-life, which is consistent with its performance with respect to disin- 
tegration and dissolution; that is, the relatively short elimination half-life 
of acetaminophen is distorted by the long absorption half-life of Brand 
A. 


Table IV illustrates the cumulative amount of drug excreted in the 
urine for each dosage form as a function of time. These data were analyzed 
using analysis of variance and covariance, including repeated measures. 
Table V shows that the calculated F values (0-12 hr) of 3.08 for the drug 
and 0.75 for the drug-time interaction were not significant (p  = 0.001) 
across the elapsed time. However, the sample times showed a significant 
difference ( F  = 384.40). Therefore, the data a t  sample times from 0 to 
4 hr were analyzed (Table VI). These data show that the calculated F 
values of 5.34 for the drug (p  = 0.05) and of 112.97 for time ( p  = 0.001) 
were significant. 


Furthermore, an analysis of variance, one for each week, was performed 
(one-way analysis of variance) (Table VII); there was no effect a t  any one 
of the nine times. These results indicate that absorption is dissolution 
rate controlled and agree with the suggestion of Levy and Yacobi (19) that 
urine collections be made at <3 hr to detect a meaningful difference. 


Significant difference (p = 0.05) in drug elimination at selected times 
between brand interactions was observed by utilizing the Tukey proce- 
dure (Table VIII). Brand A was significantly different from Brand D at  
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Table VII-One-Wav Analvsis of Variance for Each Week 


Hours F Probabilitya 


0.5 0.6561 0.5944 
1.0 0.2979 0.8263 
1.5 0.3271 0.8058 
2.0 0.7519 0.5421 
3.0 0.5732 0.6434 
4.0 0.2914 0.8308 
6.0’ 1.074 0.3967 
8.0 1.147 0.3697 . 
12.0 1.145 0.3707 


0 No significance. 


Table VIII-Significant Differences in Drug Elimination a t  
Selected Times Using the Tukey Procedure 


Brands Brands Brands Brands Brands Brands 
Hours AandB DandA DandC BandA BandC AandC 


0.5 * a  *Q 
1.0 * Q  
1.5 * a  
2.0 * “ 
3.0 
4.0 * a  


* = significant at the 0.05 level. 


0.5,1,1.5,2, and 4 hr and from Brands B and C at 0.5 hr. This result could 
be expected since only 0.5 min was required for 25% of Brands B and C 
to be dissolved whereas 30 min was required for 25% of Brand A to be 
dissolved. 
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Abstract Linear free energy relationships were derived for several 
monosubstituted purines. The derived equations relate the pKa to the 
Hammett constants urn and a,. A general linear free energy relationship 
was derived that permits calculation of the pKa of polysubstituted pur- 
ines. The results suggest that correlation of biological data with standard 
parameters is feasible. 


Keyphrases Purines-quantitative structure-activity relationships, 
prediction of pKa for polysubstituted purines from pKa of monosubsti- 
tuted purines, linear free energy relationship equations Structure- 
activity relationships, quantitative-monosubstituted and polysubsti- 
tuted purines, choice of parameters for prediction of pKa Models, 
mathematical-linear free energy relationship derived for calculation 
of pKa of polysubstituted purines 


Purine analogs (I-XLV) comprise an important class 
of potential anticancer agents. Synthetic, unnatural pur- 
ines can be administered exogenously and utilized by the 


intact animal to meet its requirements for nucleotides. 
These analogs then may produce disturbances that disrupt 
purine biosynthesis and interconversion or be incorporated 
directly into RNA and DNA, eventually producing cell 
death (1). These considerations led to the synthesis (2) and 
testing of thousands of purine derivatives for their anti- 
cancer properties, but only two purine analogs, mercap- 
topurine (6-MP) and its guanine analog (6-TG), have 
found general clinical use in the treatment of human 
cancer (3). 


f 


iI 
I-XLV 
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Abstract The kinetics of hydrolysis of trans-cinnamic anhydride and 
of its reactions with hydroxy compounds were studied in the presence 
of pyridine, 4-dimethylaminopyridine, and N-methylimidazole as cat- 
alysts. The absolute rates of the catalyzed hydrolysis decreased with in- 
creasing acetonitrile content (decreasing solvent polarity), but the cat- 
alytic efficiency of N-methylimidazole and 4-dimethylaminopyridine 
relative to pyridine increased as the solvent polarity decreased. The 
relative catalytic rates for the cinnamoylation of n-propanol in acetoni- 
trile were 1:259:16,000 for pyridine, N-methylimidazole, and 4-di- 
methylaminopyridine, respectively. 


Keyphrases 0 Kinetics-hydrolysis of trans -cinnamic anhydride cat- 
alyzed by pyridine, 4-dimethylaminopyridine, and N-methylimidazole 


trans-Cinnamic anhydride-hydrolysis kinetics catalyzed by pyridine, 
4-dimethylaminopyridine, and N-methylimidazole 0 Hydrolysis ki- 
netics-trans-cinnamic anhydride, catalyzed by pyridine, 4-dimeth- 
ylaminopyridine, and N-methylimidazole 


The cinnamoyl group, C6H&!H=CHCO, is a powerful 
chromophore and, therefore, of analytical interest. A 
quantitative method for aliphatic amines (1,2) is based on 
their reaction with trans-cinnamic anhydride to give the 
corresponding cinnamamides. These reactions are rapid 
and quantitative, but aromatic amines and alcohols, which 
are relatively weak nucleophiles, react too slowly for 
practical use of the published procedure. 


Pyridine is a widely used acylation catalyst; recently, the 
more powerful 4-dimethylaminopyridine (3, 4) and N- 
methylimidazole (5,6) have been introduced as catalysts 
for analytical acetylations. Therefore, the application of 
these catalysts to the cinnamoylation of aromatic amines 
and alcohols may be of analytical utility. This paper de- 
scribes kinetic measurements on the hydrolysis of cinnamic 
anhydride and its reactions with some hydroxy compounds 
using pyridine, 4-dimethylaminopyridine, and N-meth- 
ylimidazole as the catalysts. 


EXPERIMENTAL 


Materials-trans- Cinnamic anhydride was prepared by a modified 
published procedure (7). A mixture of 30 g of trans-cinnamic acid and 
50 g of acetic anhydride, protected from atmospheric moisture, was re- 
fluxed for 2 hr. Acetic acid and acetic anhydride were removed by dis- 
tillation, and the solid residue was recrystallized three times from ben- 
zene, in the presence of activated charcoal, to give colorless needles, mp 
136-137' [lit. (7) mp 136'1. The molar absorptivity in acetonitrile solution 
at  A,, 294 nm was 4.23 X lo4 [lit. (8) 4.32 X lo4]. 


Pyridine' and N-methylimidazolez were used directly. 4-Dimeth- 
ylaminopyridine2 was recrystallized from petroleum ether, mp 113' [lit. 
(9) mp 112-113°]. Acetonitrile3 was a spectrophotometric grade solvent. 
Phenol4 was recrystallized from benzene, mp 40.9' [lit. (10) mp 40.85'1. 
Alcohols were reagent grade products and were used directly. Buffers 
were prepared from reagent grade materials and water that was redistilled 
from alkaline permanganate in an all-glass system. Ionic strength was 
brought to a constant value with potassium chloride. 


Procedures-Hydrolysis Kinetics-All kinetic runs were carried out 
at 25.0'. The ionic strength in the hydrolysis studies was 0.10 M. The rate 
measurements were made in one of three ways, depending on the reaction 
half-life. If the half-life was <2 min, 50 pl of 3.3 X M trans-cinnamic 
anhydride in acetonitrile was stirred rapidly into 3.0 ml of the aqueous 
buffer contained in a rectangular 1-cm spectrophotometer cell positioned 
in the spe~trophotometer~ cell compartment. Absorbance, monitored 
at  305 nm, was recorded as a function of time beginning within 10 sec of 
initiation of the reaction. 


M cin- 
namic anhydride in acetonitrile was delivered into 50.0 ml of aqueous 
buffer. The mixed solution was transferred to a 10-cm cell for absorbance 
measurements a t  305 nm. With both procedures, the data were inter- 
preted by means of plots of log (At - A,) versus t, where At is the ab- 
sorbance at  time t and A, is the absorbance when the reaction is essen- 
tially complete (at least 10 half-lives). From the slopes of the linear plots, 
the apparent first-order rate constants were evaluated. 


For reactions with half-lives of 2-15 min, 2.0 ml of 1.7 X 


Fisher Scientific Co. 
Aldrich Chemical Co. 
Burdick & Jackson Laboratories. ' Mallinckrodt Chemical Works. 


6 Cary model 14. 
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Figure 1-Plot according t o  Eq. 4 for  trans-cinnamic anhydride hy- 
drolysis in carbonate buffers at 2 5 O .  


If the half-life was >15 min, an initial rate method was used. The ab- 
sorbance of the reaction mixture (prepared as for reactions having half- 
lives of 2-15 min) at  305 nm was a linear function of time initially. By 
writing the rate equation as Vo = k o b C i  at  essentially zero time, kobs can 
be calculated as the ratio of the initial rate VO (in moles per liter second) 
to the initial anhydride concentration Cg. The initial rate VO is obtained 
from the initial slope vo of absorbance uersus time by VO = vdb(cR - 
2ep), where b is the path length and t~ and c,, are the molar absorptivities 
of reactant cinnamic anhydride and product cinnamic acid anion, re- 
spectively. At 305 nm, ZR = 3.60 X lo4 and tp = 1.34 X lo3. 


Esterification Kinetics-Appropriate volumes of acetonitrile solutions 
of the hydroxy compound and the catalyst (the volumes depend on the 
reactivities of the hydroxy compound and the catalyst) were mixed in a 


1.6 


0. E 


0. a 
G 
- 0" 
+ 
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-1.6 


-2.4 
6.0 7.0 8.0 9.0 10.0 


PH 
Figure %-The pH-rate profile for the hydrolysis o/ trans-cinnamic 
anhydride a t  2 5 O ,  ionic strength 0.10 M, and zero buffer concentration. 
Data were taken from Table I. 


Table I-Rate Constants for  Hydrolysis of trans-Cinnamic 
Anhydride at 25' 


10.23 Carbonate 
10.06 Carbonate 
9.76 Carbonate 
9.14 Carbonate 


29.07 
0.381" 


2.14 


0.582 0.332" 


0.158 


0.0160 


8.80 Tris(hydroxymethy1)- 


8.48 Tris(hydroxymethy1)- 


8.17 Tris( hydroxymethyl) - 


7.14 Phosphate 
6.64 Phosphate 


Mean values. 


aminomethane 


aminomethane 


aminomethane 


0.0111 1 0.00254" 


beaker. An acetonitrile solution of cinnamic anhydride was added, and 
the absorbance was followed at  305 nm in a 1-cm cell. 


RESULTS AND DISCUSSION 


Cinnamic Anhydride Hydrolysis Kinetics-The hydrolysis reaction 
shown in Scheme I: 


(C&&H=CHC0)20 + HzO -+ 2 C&&H=CHCOOH 
Scheme I 


is accompanied by a decrease in absorbance at 305 nm. Pseudo-first-order 
kinetics were observed at constant pH, temperature, and ionic strength. 
Reproducibility was excellent, as indicated by this typical result at pH 
8.8 (mean f SD): kob = 6.75 f 0.04 X 


Buffer Catalysis and pH-Rate Profiie-The pseudo-first-order rate 
constants were measured as a function of total buffer concentration at  
constant pH, temperature (25O), and ionic strength (0.10 M), over the 
pH range of 6.6410.23 in phosphate, tris(hydroxymethy1)aminometh- 
ane, and carbonate buffers. The rate constants increased with buffer 
concentration and were interpreted as follows. Letting kobs represent the 
observed pseudo-first-order rate constant: 


kobs = ko + ke [Bl + k~ [A] (Eq. 1) 


where [A] and [B] are the molar concentrations of buffer species in the 
conjugate acid and base forms, respectively, kA and kg are the second- 
order rate constants for buffer catalysis by A and B ,  respectively, and ko 
is the first-order rate constant for hydrolysis at zero buffer concentrations, 
with the entire equation referring to constant pH. The buffer species 
concentrations can be related to the total buffer concentration Bt by: 


sec-* (n - 3). 


[A1 = fABt (Eq. 2) 


[B] = fBBt (Eq. 3) 


where f A  and f B  are the fractions of buffer in the indicated form. Com- 
bining Eqs. 1-3 gives: 


(Eq. 4) 


If the experiment is carried out at several pH values (with the same 
buffer), a plot of (kobs - ko)/Bt against f B  is predicted to be linear, with 


Table 11-Rate Constants for Catalyzed Hydrolysis of Cinnamic 
Anhydride at pH 8.45 and 25" 


lo3 kobsl 
Catalyst lo4 Cta,  M lo4 [C], M sec-l 


Pyridine 12.1 12.1 8.60 
19.4 19.4 10.28 
24.2 24.2 11.85 


N-Methylimidazole 2.94 2.79 9.06 
4.90 4.64 11.60 
6.86 6.51 14.09 


4-Dimethylamino- 0.117 0.00639 6.48 
pyridine 0.195 0.01073 7.42 


0.274 0.01507 8.27 


2.77 
2.60 
2.72 


13.69 
13.70 
13.61 
1.88 x 103 
1.99 x 103 
1.97 x 103 


a Total catalyst concentration. 
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Table 111-Catalytic Rate Constants for the Hydrolysis of 
Cinnamic Anhydride at 25" 


kc, M-1 sec-1 
N-Methyl- 4-Dimethylamino- 


PH Pyridine imidazole pyridine 


8.45 2.70 13.66 1.95 x 103 


9.17 3.75 14.95 1.82 x 103 
8.78 3.02 14.22 1.85 X 103 


intercepts of kA when fB = 0 and of kB when fB = 1. The quantity ko is 
obtained at  each pH by plotting kob uersus Bt and extrapolating to Bt 
= 0; the fraction fB is calculated withfe = K,/([H+] + KO), where KO is 
the buffer acid dissociation constant. 


The thermodynamic pKa values of bicarbonate, protonated tris(hy- 
droxymethyl)aminomethane, and monobasic potassium phosphate a t  
2 5 O  are 10.33,8.06, and 7.20, respectively (11). The apparent pKa values 
at ionic strength 0.10 M, calculated by Davies' method (12), are 10.22, 
8.18, and 7.09, respectively. Plots of kob uersus Bt at constant pH were 
linear. Figure 1 shows the plot according to Eq. 4 for carbonate buffer, 
showing negligible catalytic effect by the conjugate acid form of the 
buffer. The same behavior was observed for the other buffers. Since k~ 
= 0, Eq. 1 shows that kB also can be evaluated by plotting kob uersus [B]. 
Table I summarizes these studies, listing the ko and k~ values found. 


The k~ quantities for carbonate and phosphate probably describe a 
general base catalysis of the hydrolysis, but kB for tris(hydroxymethy1)- 
aminomethane undoubtedly includes a nucleophilic attack on the an- 
hydride since the absorption spectrum of the reaction product is not 
identical with that of the expected product cinnamic acid. 


Figure 2 is a pH-rate profile for the anhydride hydrolysis. The slope 
of 1.00 shows the expected first-order dependence on the hydroxide ion. 
From the relationship ko = koHaoH, the second-order rate constant for 
alkaline hydrolysis of cinnamic anhydride is k o ~  = 169 M-' sec-l. 


Catalysis by Pyridine, 4-Dimethylaminopyridne, and N-Meth- 
ylimidazole-The hydrolysis of cinnamic anhydride catalyzed by pyr- 
idine, 4-dimethylaminopyridine, and N-methylimidazole was studied 
in carbonate, tris(hydroxymethyl)aminomethane, and phosphate buffer. 
The catalyzed reaction was first order in the conjugate base form of the 
catalyst. Therefore, at any given pH, the observed pseudo-first-order rate 
constant is given by: 


kobs = ko ~ B [ B ]  + k [ C ]  (Eq. 5) 


where kc is the catalytic rate constant and [C] is the molar concentration 
of the base form of the catalyst. Since ko and ke are known, kc can be 
calculated. The pKa values at 0.10 M ionic strength and 25' are 5.29 for 
pyridine, 9.68 for 4-dimethylaminopyridine (111, and 7.19 for N-meth- 
ylimidazole (13). Table I1 gives typical results, showing the constancy 
of kc and its reproducibility, at several catalyst concentrations. The kc 
values obtained at several pH values are listed in Table 111. 


In view of the reproducibility of kc at  a given pH (Table II), the data 
of Table I11 indicate a pH dependency of kc for pyridine and N-meth- 
ylimidazole. Over the limited pH range studied, kc can be described by 
2.45 + 8.5 X lo4 a O H  M-1 sec-1,13.50 + 1.01 X lo6  OH M-' sec-l, and 
1.87 X lo3 M-' sec-l for pyridine, N-methylimidazole, and 4-dimeth- 
ylaminopyridine, respectively. 


Although the mechanisms of these reactions have not yet been eluci- 
dated, it appears probable, baaed on the similar acetic anhydride reaction 
(14), that the catalysis occurs via the formation of an intermediate as 
shown for N-methylimidazole in Schemes I1 and 111. 


(RCO),O + NfiN-CH3 
\-I 


0 
I1 +A 


R-C-N' N-CH, + WOO- 
L J  


Scheme I I  
0 
II 


.R-C--?N-CH, + H,O - RCOOH + &fiN-CH3 
W \-I 


Scheme III  


The pH-independent component of kc describes the attack of water 
on the intermediate, whereas the pH-dependent component represents 


Table IV-Effect of Acetonitrile on the Catalytic Rate Constant 
for the Hydrolysis of Cinnamic Anhydride a*b 


kc, M-' sec-l 
Acetonitrile N-Methyl- 4-Dimethylamino- 


Content, 96 vlv Pyridine imidazole pyridine 


3.9 3.51 13.89 1.96 x 103 
13.5 1.89 10.53 1.91 x 103 
23.1 0.90 6.22 1.73 x 103 
32.8 0.40 3.70 1.46 X 103 
42.4 0.17 1.96 0.86 X 103 


0 At H 8.86 and 25'; the buffer contained 0.004 M protonated tris(hydroxy- 
methy1f)aminomethane. 0.017 M of the buffer base, and 0.096 M KCl. * The con- 
centrations of catalysts in their base forms were: pyridine, 1.21 X M, N- 
methylimidazole, 2.89 X lo-' M; and 4-dimethylaminopyridine, 1.38 X M. 


Table V-Third-Order Rate Constants for N-Methylimidazole- 
Catalyzed Reaction of Cinnamic Anhydride with Hydroxy 
Compounds in Acetonitrile at 25' a 


Hvdroxy Compound * 
lo2 k3, M-2 sec-' 


Mean SD" 


Phenol 
Isoamyl alcohol 
n-Amy1 alcohol 
Isobutyl alcohol 
n-Butyl alcohol 
n-Propyl alcohol 
Isopropyl alcohol 
sec-Butyl alcohol 
tert-Butvl alcohol 


96.4 
10.7 
9.22 
7.88 
3.47 
3.24 
0.72 
0.65 
0.58 


0.1 
0.2 
0.04 
0.05 
0.06 
0.03 
0.03 
0.09 
0.03 


a Initial anhydride concentration waa 2.67 X 10-6 M. -5 Initial phenol concen- 
tration waa 0.105 M, initial alcohol concentrations were 1.02-2.37 M, and the cat- 
alyst concentration waa 0.14-1.12 M. Six determinations for n-propyl alcohol; 
three determinations for the other compounds. 


the attack by hydroxide ion. The magnitudes of the latter quantity, 
particularly for 4-dimethylaminopyridine, are uncertain because of the 
restricted pH range studied. 


Medium Effec tgThe  alkaline hydrolysis rate of cinnamic anhydride 
was decreased sharply by the addition of acetonitrile to the aqueous 
medium, aa illustrated by these pseudo-first-order rate constants (103 
k0dsec-') at 25" in a pH 8.86 buffer in the absence of added acetonitrile: 
3.9% acetonitrile, 6.14; 13.5%, 3.72; 23.1%, 1.74; 32.8%, 0.96; and 42.4%, 
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Figure 3-Correlation of rates of cinnamoylation of hydroxy com- 
pounds (Table V) with substituent constant C$ (17). 
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log ks = 0.8444 - 0.56 (Eq. 7) 


with correlation coefficient r2 = 0.93 and a standard deviation about the 
regression line of 0.28 log k unit. (The value for tert- butyl alcohol is not 
included in the regression.) In general, this acylation reaction is faster 
for primary alcohols than for branched alcohols, probably for steric 
reasons; among the primary alcohols, the reaction rates parallel alcohol 
basicity. 


Relative Catalytic Activity-Table VI collects relative rate data for 
several acylation reactions in various solvents for pyridine, N-methyl- 
imidazole, and 4-dimethylaminopyridine. For each entry (line) in Table 
VI, the relative rate is expressed as the ratio kc (cata1yst)lkc (pyridine) 
for that particular reaction and solvent. 


In summary, the most important findings were that the reaction rate 
decreases as the solvent polarity decreases and that the catalytic activities 
of N-methylimidazole and of 4-dimethylaminopyridine relative to pyr- 
idine increase as the solvent polarity decreases. Both observations are 
consistent with the formation of the ionic onium intermediates (Scheme 
11). The intermediates formed from N-methylimidazole and 4-di- 
methylaminopyridine are capable of extensive charge delocalization 
relative to the acylpyridinium intermediate. As the solvent polarity de- 
creases, the transition state leading to the intermediate is destabilized 
for all catalysts, but this effect is greatest for pyridine. Thus, the relative 
rate increases for the more powerful catalysts. This finding is indirect 
evidence for the intermediacy of the onium ion. 


Table VI-Relative Catalytic Effectiveness of N- 
Methylimidazole and 4-Dimethylaminopyridine in Some 
Acylation Reactions (Pyridine = 1.00) 


Relative Rate 
4-Dimethvl- 


N-Methyl- amino- 
Reactants Solvent imidazole pyridine 


Cinnamic anhydride + water 
Cinnamic anhydride + water 
Cinnamic anhydride + water 
Cinnamic anhydride 


+water 
Cinnamic anhydride + water 
Cinnamic anhydride + n-propanol 
Acetic anhydride + isoDronanola 


3.9% aqueous 3.96 558 
acetonitrile 


acetonitrile 


acetonitrile 


acetonitrile 


acetonitrile 


13.5% aqueous 5.57 1011 


23.1% aqueous 6.91 1922 


32.8% aqueous 9.25 3650 


42.4% aqueous 11.5 5058 


Acetonitrile 259 1.6 X 104 


N,N-Dimethyl- 362 1.7 x 104 
formamide 


~~ 


0 Taken from Ref. 18. 


0.60. Higher acetonitrile concentrations were not studied because of 
buffer insolubility. 


The second-order catalytic rate constant kc was measured for pyridine, 
N-methylimidazole, and 4-dimethylaminopyridine in water-acetonitrile 
mixtures (Table IV). All of the constants decreased as the organic com- 
ponent of the solvent increased, with the decrease being relatively greater 
the weaker the catalyst. This behavior (i.e.,  reduction in reactivity as the 
solvent polarity decreases) indicates that the transition state is more polar 
than the initial state of the rate-determining step of the reaction. Rate- 
limiting formation of the onium-ion intermediate in Scheme I1 is con- 
sistent with this result. 


This dependence of the rate on solvent polarity observed with the 
catalyzed hydrolysis of cinnamic anhydride in mixed aqueous solvents 
contrasts with the finding (15) that the rate of the N-methylimidazole- 
catalyzed reaction of acetic anhydride with isopropanol is relatively in- 
sensitive to solvent polarity for a series of organic solvents. 


Cinnamoylation of Hydroxy Compounds-Kinetic studies of the 
reaction of cinnamic anhydride with n-propanol catalyzed by N-meth- 
ylimidazole in acetonitrile solution showed that it was first order in the 
alcohol and in the catalyst. Therefore, the pseudo-first-order rate con- 
stant for the loss of anhydride may be written as: 


k o b  = k~[alcohol][catalyst] (Eq. 6) 


Table V lists k3 values for the N-methylimidazole-catalyzed cinnamo- 
ylation of some hydroxy compounds. 


For n-propanol, k3 was also measured with pyridine and 4-dimeth- 
ylaminopyridine as the catalysts, yielding 1.25 f 0.003 X M-2 sec-’ 
for pyridine and 2.01 f 0.01 M W 2  sec-’ for 4-dimethylaminopyridine. 


The k 3  values of Table V correlate roughly with the basicity of the 
hydroxy compound as measured by the pKa of the conjugate acid 
ROH;(l6). They are not correlated well by the Taft polar substituent 
constant u* perhaps because of a steric influence. Robinson and 
Matheson (17) defined a substituent constant @, which includes the steric 
effect in the alkyl portion of esters. Figure 3 shows the correlation of k3 
values with @. The equation of the regression line is: 
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Abstract 0 Salicylic acid and aspirin were resolved from the other sal- 
icylates in thermally degraded multicomponent tablets and determined 
quantitatively. The analytical method involved wetting the powdered 
tablet with acetic acid and diluting with chloroform to extract the drug 
components. Automated high-pressure liquid chromatographic analyses 
of filtered extracts were performed on a silica column with a mobile phase 
of acetic acid in heptane. The method was capable of resolving the major 
thermally induced transformation products in tablet formulations. It was 
sensitive to 4 . 1  mg of salicylic acidhablet. Good agreement with the 
compendia1 method for free salicylic acid was obtained. 


Keyphrases 0 Salicylic acid-simultaneous high-pressure liquid 
chromatographic analysis with aspirin in multicomponent tablets 
Aspirin-simultaneous high-pressure liquid chromatographic analysis 
with salicylic acid in multicomponent tablets High-pressure liquid 
chromatography-analysis, salicylic acid and aspirin multicomponent 
tablets Analgesics-aspirin and salicylic acid, high-pressure liquid 
chromatographic analysis in multicomponent tablets 


Of the numerous methods reported for the determina- 
tion of aspirin and salicylic acid in pharmaceutical prep- 
arations, few permit a simultaneous quantitative deter- 
mination of both components in thermally degraded 
samples or have been evaluated as stability-indicating 
assay procedures. Free salicylic acid has been determined 
by column chromatography (1-3) and direct UV spectro- 
photometry (4,5). Other analytical methods include flu- 
orometry (6-8), GLC (9), and high-pressure liquid chro- 
matography (HPLC) (10-12). Aspirin has been determined 
using spectrophotometry (13-15), GLC (16), NMR spec- 
troscopy (17), nonaqueous titrimetry (18-20), TLC (21- 
23), and HPLC (24, 25). Aspirin and salicylic acid have 
been determined simultaneously by direct spectropho- 
tometry (26), fluorometry (27), GLC (28, 29), IR spec- 
troscopy (30), nonaqueous titrimetry (31), and HPLC 
(32-35). 


This paper discusses an HPLC method developed for 
the simultaneous determination of aspirin and salicylic 
acid with the demonstrated precision and sensitivity re- 
quired for assessing drug degradation. It is stability indi- 
cating for tablets containing aspirin stored at  50' or less. 
Aspirin stability can be determined either alone or in 
combination with drugs frequently present in analgesic 
formulations, such as propoxyphene, caffeine, and co- 
deine. 


EXPERIMENTAL 


Apparatus-The high-pressure liquid chromatograph' was equipped 
with flow control, a variable-wavelength detector, automatic sampling, 
an integrator-recorder, and a 10-pm microparticulate silica column2. 


1 Model 830 high-pressure liquid chromatograph with model 833 flow controller, 
model 834 automatic sampler, and model 837 variable-wavelength spectropho- 
tometer, DuPont Instruments, Wilmington, Del., or model 1084 B high-pressure 
liquid chromatograph with variable-wavelength detector, Hewlett-Packard, Av- 
ondale, Pa. 


2 Partisil 10,4.6 X 250 mm PXS 1025, Whatman, Clifton, N.J. 


Sample extracts were prepared using an ultrasonic bath3 and filtered 
through chloroform-resistant membranes4 prior to analysis. 


Reagents-A~pirin~, salicylic acid6, caffeine', and codeine phosphates 
were USP grade. Acetic acid6, methanol6, ethyl acetate6, and acetone6 
were reagent grade. Chloroformg, n-heptaneg, and trichl~roethane~ were 
distilled HPLC grade. 


HPLC Operating Conditions-The mobile phase was 5% (v/v) acetic 
acid in n-heptane. The flow rate was 3.5 ml/min at  30'. The UV detector 
was operated at  300 nm. Instrument conditions were maintained for 4 . 5  
hr prior to the initial injection. Fifty microliters of either the standard 
or sample solution was injected onto the silica column. After use, the 
column was prepared for storage by flushing with n-heptane. 


Preparation of Sample Solutions-For each tablet formulation, the 
average tablet weight was calculated by weighing 10 tablets. These tablets 
subsequently were pulverized to a fine powder. A quantity of powdered 
sample, approximately equivalent to one average tablet weight, was 
weighed accurately and transferred to a 100-ml volumetric flask. With 
the flask in an ultrasonic bath, 5 ml of acetic acid was added to wet the 
entire solid material. After 30 sec in the ultrasonic bath, the contents 
of the flask were diluted with 70 ml of chloroform, allowed to remain an- 
other 10 min in the bath, and then diluted to volume (100 ml) with 
chloroform. 


Preparation of Standard Solutions-A stock solution of salicylic 
acid was prepared by weighing accurately -50 mg, transferring the 
powder to a 100-ml volumetric flask, dissolving it in chloroform, and di- 
luting the solution to volume with chloroform. A standard solution was 
prepared by weighing accurately an amount of aspirin, approximately 
equivalent to the labeled content of one tablet, and transferring this 
amount to a 100-ml volumetric flask. This solid was treated with 5 ml of 
acetic acid and diluted with 70 ml of chloroform in the same manner and 
preferably at the same time as the sample preparation. A 10.0-ml aliquot 
of salicylic acid stock solution was added to the aspirin solution and then 
diluted to volume with chloroform. Changes in aliquot size or the com- 
position of the stock solution were made to match approximately the 
quantity of salicylic acid present in the standard with that in the sample 
if extensive degradation was anticipated. 


Chromatographic Separation and Analysis-A standard solution 
was chromatographed in duplicate to check for system suitability. In a 
typical chromatogram, the k' values for salicylic acid and aspirin were 
-2 and 9, respectively. The resolution factor for salicylic acid and aspirin 
was preferably not less than 7 to allow for resolution from the possible 
degradation products. The tailing factor was <1.5 for each compo- 
nent. 


Prior to injection, samples were filtered into appropriate vials. A 
standard was prepared simultaneously with two or three samples to 
permit frequent calibration. The quantity of salicylic acid and aspirin 
was determined by comparing peak areas of the sample and the external 
standard. The content of salicylic acid was expressed as a percentage of 
the label claim for aspirin. 


Identification of Degradation Products-About 100 mg of an as- 
pirin sample stressed at 95O for 5 weeks was dissolved in -1 ml of chlo- 
roform and applied to a silica gel TLC platelo predeveloped with meth- 
anol. The plate was developed three times with 30% acetic acid in heptane, 
dried, and examined under UV illumination. The band (Rr 0.6) between 
salicylic acid and the slower moving components was scraped from the 
plate, extracted with 5% acetic acid in chloroform, evaporated to dryness, 


:' Model ME 46, Mettler Electronics Corp., Anaheim, Calif. 
Metricel Alpha-450. Gelman Instrument Co., Ann Arbor, Mich. 


5 Dow Pharmaceuticals, Richmond Hill, Ontario, Canada. 
American Chemicals LM., Montreal, Quebec, Canada. ' Pfizer Co., Pointe Claire, Quebec, Canada. 
F. E. Cornell and Co. Ltd., Montreal, Quebec, Canada. 
Fisher Scientific Co., Fair Lawn, N.J. 


10 Silica gel GF, 1-mm precoated TLC plates, Analtech Inc., Newark, Del. 
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Figure 1-High-pressure liquid chromatograms of aspirin tablet for- 
mulations stressed at 50' for 16 weeks (A) and at  80' for 2 weeks (B). 
Key: 1 ~ salicylic acid (k' = 2.2); 2, salicylsalicylic acid (k' = 4.9); 3, as- 
pirin (k' = 9.0); and 4, acetylsalicylsalicylic acid &' = 12.6). The column 
toas Partisill0 silica, and the mobile phase was 5% acetic acid in hep- 
tane. 


and dried in a vacuum desiccator over sodium hydroxide pellets. About 
10 mg was recovered from six plates. Under HPLC analytical conditions, 
this component eluted with a k' value of 4.9, which is identical to that of 
the unknown compound that eluted immediately after salicylic acid (Fig. 
1). The structure corresponded to salicylsalicylic acid; NMR (deutero- 
chloroform): 6 10.4 (lH), 8.4-7.9 (2H), and 7.7-6.8 (6H), no methyl pro- 
tons; mass spectrum: major ions at  m/z 258 (M+.), 121, and 120; UV (5% 
acetic acid in heptane): Amax 312 nm. 


The third degradation product (k' = 12.6 in Fig. 1) was not successfully 
isolated from TLC plates because of contamination from aspirin and 
other degradation products with lower Rf  values. Instead, 10 fractions 
were collected from a concentrated solution on the chromatograph. A 
200-pl sample of the stressed aspirin in methanol was injected. Fractions 
were collected, evaporated, and dried in a vacuum desiccator over sodium 
hydroxide pellets. The structure corresponded to acetylsalicylsalicylic 
acid; mass spectrum: major ions at m/z 180,163,138,120,92, and 43; UV 
(5% acetic acid in heptane): A,, 282 and 312 nm. 


RESULTS AND DISCUSSION 


Quantitative extraction of aspirin and salicylic acid was not obtained 
with combinations of methanol and chloroform, probably because of 
adsorption on tablet excipients (36, 37). Successful drug release was 
achieved by initially wetting the pulverized sample with 98% formic acid, 
followed by dilution with chloroform (37). Aspirin hydrolysis was 
4.02%/min in the presence of the concentrated acid and 0.02%/hr after 
dilution with chloroform. Substitution of acetic acid in place of formic 
acid provided adequate drug release, similar hydrolysis rates, and reduced 
instrument corrosion. To compensate for aspirin hydrolysis in the sample, 
standards also were wetted with acetic acid and prepared at the same time 
as the samples. 


To minimize aspirin hydrolysis, only nonaqueous mobile phases were 
investigated. With a mobile phase of 10% ethanol and 5% acetic acid in 
chloroform, a polar bonded phase column" resolved aspirin and salicylic 


11 Partiail 10 PAC, 4.6 X 250 mm PXS 1025 PAC, Whatman, Clifton, N.J. 


11 I I I I I 1  1 1 1  


1 2 3 4 6 6 7 8 9 1 0  
ACETIC AClD IN HEPTANE MOBILE PHASE, % (v/v) 


Figure 2-Logarithmic correlations of capacity factors versus the 
percent of acetic acid in the mobile phase for the four salicylates. Key: 
1, salicylic acid; 2, salicylsalicylic acid; 3, aspirin; and 4, acetylsalicyl- 
salicylic acid. 


acid in unstressed tablet formulations. However, inadequate resolution 
of the drug and its decomposition products occurred with thermally 
stressed formulations. Successful resolution of the latter was achieved 
on a silica column using acetic acid in heptane as the mobile phase (Fig. 
1). Additional basic drug components commonly present in analgesic 
preparations, such as propoxyphene, caffeine, and codeine, were not 
eluted. Assays of thermally stressed samples containing various combi- 
nations of these drugs with aspirin did not indicate any interference by 
theae additional drug components with the eluting salicylates. The HPLC 
column was regenerated periodically to remove the retained components 
by flushing with trichloroethane, ethyl acetate, acetone, methanol, and 
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Figure 3-Salicylic acid peak arew versus the percent of salicylic acid 
in standard solutions containing a n  increasing concentration of salicylic 
acid and a corresponding decreasing concentration of aspirin. In all 
cases, the percent of salicylic acid refers to the weight percent of salicylic 
acid expressed as a percentage of the label claim for aspirin. The aspirin 
label claim for all formulations was 650 mg. 
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Figure 4-Correlation of the HPLC salicylic acid results versus the wet 
chemical results. The latter method was based on the assay for free 
salicylic acid in USP XIX. With 18 data points, a slope of 1.0 f 0.1, an 
intercept of -0.028 f 0.039, and a correlation coefficient of 0.929 were 
calculated from the linear regression analysis. 


water and then reversing the sequence as recommended by the manu- 
facturer. 


Aspirin and three salicylate decomposition products were resolved with 
the silica column. In accelerated thermal stability trials, samples con- 
tained primarily salicylic acid with trace quantities of salicylsalicylic acid. 
Where salicylic acid concentrations were >3%, a third degradate, 
acetylsalicylsalicylic acid, was observed in trace quantities. 


Although the time required to obtain a satisfactory chromatogram 
could be reduced by adding small amounts (1-2%) of a modifier, such as 
chloroform or ethyl acetate, to the mobile phase, no modifier was used 
because its presence caused dead volume interference with the salicylic 
acid. The presence of acetic acid was mandatory for the satisfactory 
elution of the acidic hydrogen-bonded species. Figure 2 illustrates the 
observed decrease in the capacity factors of the four components with 
increasing acetic acid concentrations in the heptane mobile phase. 


A wavelength of 300 nm was selected for detecting the eluting com- 
ponents. It provided adequate sensitivity for salicylic acid and permitted 
the detection of salicylsalicylic acid and acetylsalicylsalicylic acid. Aspirin 
has a small absorptivity at 300 nm, but the absorbance was sufficient for 
satisfactory quantitative determination because of its large concentration. 
At  312 nm, the absorption maximum for salicylic acid, aspirin was diffi- 
cult to detect. 


The linearity of the detector response for aspirin and salicylic acid was 
investigated by preparing a series of samples containing decreasing 
amounts of aspirin and correspondingly increasing amounts of salicylic 
acid. Linear response was satisfactory for aspirin over the concentration 


Table I-Assay Results for Aspirin and Salicylic Acid from a 
Study of the HPLC Analytical Precision 


Aspirin, % Salicylic Acid, 
of label claim %" 


98.9 
97.7 
99.0 


100.3 
98.1 
99.6 
98.2 


101.1 


0.38 
0.38 
0.38 
0.34 
0.36 
0.39 
0.36 
0.37 


98.3 0.37 


SD 1.1 0.02 
Average T E O  m 


a The percent of salicylic acid refers to the weight percent of salicylic acid ex- 
pressed as a percentage of the label claim for aspirin. 
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Figure 5-High-pressure liquid chromatogram of aspirin stressed a t  
9 5 O  for 5 weeks showing the four salicylates in Fig. 1 (peaks 1-4) and the 
four additional components eluting a t  longer retention times (peaks 
5-8). The column was Partisil lOsilica, and the mobile phase was 10% 
acetic acid in heptane. 


range of 650-300 mg. Appreciable deviations from linearity were observed 
for salicylic acid concentrations of 15% (98 mghblet) (Fig. 3). Typical 
assay values of <5% salicylic acid (33 mg/tablet) were well within the 
linear range. 


A small positive intercept was obtained at  zero salicylic acid concen- 
tration. Based on nine data points, a linear correlation was obtained for 
salicylic acid peak areas versus percent of salicylic acid (concentration 
range 04.36%). The correlation coefficient from the regression analysis 
was 1.0, and the intercept was equivalent to 4 . 1 %  salicylic acid (0.7 
mghablet). This amount of salicylic acid probably was generated from 
aspirin hydrolysis during the preparation of both the sample and the 
standard. As a result, a significant error was introduced when empioying 
the external standard analytical method for samples containing <0.1% 
salicylic acid. Samples with 0.01-0.1% salicylic acid were assayed suc- 
cessfully using a linear calibration techhique. 


The accuracy of the HPLC method was evaluated by comparing the 
HPLC assay results obtained from the stressed tablet formulations 
containing aspirin with data obtained on the same samples using the 
method for free salicylic acid reported by Levine (38) and later established 
as a compendia1 method (39). The linear correlation obtained (Fig. 4) 
approximated a theoretical slope of 45O and a zero intercept, indicating 
reasonable agreement between the two methods. Based on three analysts 
assaying a single powdered sample on 3 different days, the HPLC data 
in Table I indicated good precision for both aspirin and free salicylic 
acid. 


To demonstrate that the method was capable of detecting and resolving 
all major degradation products in samples from accelerated thermal 
stability trials, a sample of pure aspirin stressed under abnormally severe 
conditions (95' for 5 weeks) was examined by HPLC. In addition to the 
four previously identified components, four other unidentified com- 
pounds eluted later in the chromatogram with 10% acetic acid in the 
heptane mobile phase (Fig. 5). Traces of these four unknowns were de- 
tectable in formulations stressed at 80° for 2 weeks but were undetectable 
in samples stressed at  50' for 16 weeks. Only the three identified com- 
ponents contributed significantly to total drug degradation in the ac- 
celerated stability samples stressed at  or below 50°. If the samples were 
exposed to more severe conditions or contained abnormal amounts of 
salicylic acid, increasing the acetic acid concentration in the mobile phase 
reduced the peak broadening and enhanced the detection of these late- 
eluting components. 
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Abstract 0 The effect of increasing the hydrophilicity of acetohexamide 
and tolbutamide with hydroxypropyl methylcellulose and methylcellulose 
on drug dissolution and hypoglycemic activity in rats was examined. The 
dissolution rate of both drugs was increased according to the type and 
concentration of the polymer. The oral absorption of both drugs was 
improved, as indicated by potentiation of the reduction in blood glucose 
in rats. The efficiency of the polymer in increasing the dissolution rates 
of the drugs correlated with the hydrophilicity of the polymer. 


Keyphrases Hypoglycemics-improved absorption through increased 
hydrophilicity 0 Tolbutamide-improved absorption through increased 
hydrophilicity 0 Acetohexamide-improved absorption through in- 
creased hydrophilicity Absorption-tolbutamide and acetohexamide, 
improved absorption through increased hydrophilicity 


Certain oral hypoglycemics, e.g., acetohexamide and 
tolbutamide, are poorly water soluble and have irregular 
dissolution rates (1-3). Coprecipitation with povidone and 
solid dispersion of tolbutamide in polyethylene glycols 
have been utilized to increase the dissolution rate (4,5) and 
bioavailability (5, 6). Inclusion of acetohexamide in cy- 
clodextrin enhanced its dissolution and hypoglycemic 
activity (3). 


The increased hydrophilicity of drugs, i .e.,  the conver- 


sion of the hydrophobic surface of the drug to a hydrophilic 
one through treatment with a film-forming water-soluble 
polymer, increased the dissolution of hexobarbital(7) and 
the bioavailability of phenytoin (8) and griseofulvin (9). 
The polymer? used were methylcellulose, hydroxyethyl 
cellulose (7), and hydroxypropyl cellulose (9). 


The objective of the present study was to investigate the 


Figure 1-Apparatus for measuring the uptake of dissolution fluid by 
drug disks. Key: A, disk stager; B, drug disk; C, graduated pipet; and 
D, water bath. 
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Table VII-One-Wav Analvsis of Variance for Each Week 


Hours F Probabilitya 


0.5 0.6561 0.5944 
1.0 0.2979 0.8263 
1.5 0.3271 0.8058 
2.0 0.7519 0.5421 
3.0 0.5732 0.6434 
4.0 0.2914 0.8308 
6.0’ 1.074 0.3967 
8.0 1.147 0.3697 . 
12.0 1.145 0.3707 


0 No significance. 


Table VIII-Significant Differences in Drug Elimination a t  
Selected Times Using the Tukey Procedure 


Brands Brands Brands Brands Brands Brands 
Hours AandB DandA DandC BandA BandC AandC 


0.5 * a  *Q 
1.0 * Q  
1.5 * a  
2.0 * “ 
3.0 
4.0 * a  


* = significant at the 0.05 level. 


0.5,1,1.5,2, and 4 hr and from Brands B and C at 0.5 hr. This result could 
be expected since only 0.5 min was required for 25% of Brands B and C 
to be dissolved whereas 30 min was required for 25% of Brand A to be 
dissolved. 
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Abstract Linear free energy relationships were derived for several 
monosubstituted purines. The derived equations relate the pKa to the 
Hammett constants urn and a,. A general linear free energy relationship 
was derived that permits calculation of the pKa of polysubstituted pur- 
ines. The results suggest that correlation of biological data with standard 
parameters is feasible. 


Keyphrases Purines-quantitative structure-activity relationships, 
prediction of pKa for polysubstituted purines from pKa of monosubsti- 
tuted purines, linear free energy relationship equations Structure- 
activity relationships, quantitative-monosubstituted and polysubsti- 
tuted purines, choice of parameters for prediction of pKa Models, 
mathematical-linear free energy relationship derived for calculation 
of pKa of polysubstituted purines 


Purine analogs (I-XLV) comprise an important class 
of potential anticancer agents. Synthetic, unnatural pur- 
ines can be administered exogenously and utilized by the 


intact animal to meet its requirements for nucleotides. 
These analogs then may produce disturbances that disrupt 
purine biosynthesis and interconversion or be incorporated 
directly into RNA and DNA, eventually producing cell 
death (1). These considerations led to the synthesis (2) and 
testing of thousands of purine derivatives for their anti- 
cancer properties, but only two purine analogs, mercap- 
topurine (6-MP) and its guanine analog (6-TG), have 
found general clinical use in the treatment of human 
cancer (3). 


f 


iI 
I-XLV 
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Table I-Physicochemical Parameters 


Substituent n. a m  0, 3 B MR 


H 
CH? 
c6& 
CF3 
CN 
CHzOH 
CHO coo- 
CO(NHCH3) 
F 


0 
0.56 
1.96 
0.88 


-0.57 
-1.03 
-0.65 
-4.36 
-1.27 


0.14 
0.71 


-0.02 
0.38 
0.61 
1.07 


-1.63 
-4.76 
-1.23 
-0.47 


0.18 
-5.96 
-1.34 
-1.30 


0.17 


0 
-0.07 


0.06 
0.43 
0.56 
0 
0.35 


-0.10 
0.35 
0.34 
0.37 
0.12 
0.10 
0.15 
0.18 
0.60 
0.05 


-0.16 
-0.30 
-0.15 


0.88 
-0.04 
-0.03 


0.07 


0 
-0.17 
-0.01 


0.54 
0.66 
0 
0.42 
0 
0.36 
0.06 
0.23 


-0.27 
-0.24 


0 
0.03 
0.72 
0.09 


-0.66 
-0.84 
-0.83 


0.82 
-0.34 
-0.24 
-0.15 


0 
-0.04 


0.08 
0.38 
0.51 
0 
0.31 


-0.15 
0.34 
0.43 
0.41 
0.26 
0.22 
0.20 
0.23 
0.54 
0.03 
0.02 


-0.11 
0.10 
0.89 
0.06 
0.04 
0.14 


0 
-0.13 
-0.08 


0.19 
0.19 
0 
0.13 
0.13 
0.05 


-0.34 
-0.15 
-0.51 
-0.44 
-0.18 
-0.18 


0.22 
0.07 


-0.68 
-0.74 
-0.92 


0 
-0.40 
-0.28 
-0.28 


0.103 
0.565 
2.536 
0.502 
0.633 
0.719 
0.688 
0.605 
1.457 
0.092 
0.602 
0.787 
1.247 
1.382 
1.842 
1.349 


0.542 
1.033 
1.555 


- 


- 
0.722 
1.372 
2.118 


BACKGROUND 


No detailed quantitative structure-activity study of the action of the 
purines against cancer has been published (4), perhaps due to the diffi- 
culty of establishing a suitable set of physicochemical parameters. In 
quantitative structure-activity relationship studies, the usual approach 
is to achieve correlations with parameters that were determined in con- 
ventional aromatic (5) (e.g., benzoic acid) or aliphatic (6) systems. Thus, 
the basic set of parameters consists of hydrophobic constants (log P or 
r), electronic parameters (a,,,, a,, 9, B), and volume parameters such 
as Taft’s steric parameter (E, )  (6) and molar refractivity ( M R )  (4). In 
treating alicyclic or heterocyclic systems, it is assumed that the Hammett 
approach can be extended to any rigid system that prevents direct steric 
interactions (7). 


With purine analogs, the situation with respect to hydrophobic and 
electronic parameters is more complex since positions 2,6, and 8 are not 
equivalent and behave differently toward chemicals (2) and enzymes (8). 
Thus, substituents a t  positions 2 and 6 are attached to a six-membered, 
r-electron-deficient pyrimidine ring, while those at  position 8 are located 
on a r-electron-excessive imidazole moiety (9). Theoretically, new sets 
of physicochemical parameters should be determined for each of the three 
nucleus positions of purine. This task is not impossible but is a major 
undertaking . 


Tomasik et al. (10) examined the application of linear free energy re- 
lationships to nitrogen heterocyclic systems, including purines. They 
reported the correlation of a small set of pKa values of monosubstituted 
purines in terms of a,. The reason this parameter was selected is un- 
known, and the arbitrary elimination of data points was not explained. 
In addition, the customary statistical criteria (e.g., F statistics) were not 


given. Perrin (11) reported the prediction of the pKa values of three 
aminopurines from a Hammett equation for pyridines. 


Hammett electronic constants are determined by measuring the pKa 
values of the appropriately substituted benzoic acids (5). In the present 
study, this procedure was reversed so that correlations were derived that 
relate the pKa values of monosubstituted purines to a set of well-estab- 
lished substituent constants. General equations then were derived that 
permit the prediction of the pKa values of polysubstituted purines. The 
predicted pKa values from these equations then were compared with 
experimental values. The results demonstrate the feasibility of deriving 
quantitative structure-activity relationships for the biological activity 
of purines. 


EXPERIMENTAL 


The parameters employed are given in Table I and were taken from 
the recent literature (12). The pKa values were collected from several 
sources (13) and are listed with the references in Table 11. The MR values 
were scaled to one-tenth of the original values (14). 


Reported pKa values for purines vary extensively. Thus, for adenine 
(6-aminopurine, XXXIII), reported values for anion formation range 
from 9.30 (15)‘to 9.96 (16). Also, some pKa values were measured in 
aqueous organic solvents (13), which suppress ionization and may cause 
the pKa values to differ by as much as 0.5 unit (17). 


In this study, purines with substituents capable of (thio)lactim- 
(thio)lactam tautomerization were excluded. The reason was that for the 
prototropy: RNH-C=X + R N 4 - X H  (X = S,O), there are no “true” 
parameters for the X-H or C=X substituents, and it was felt that use 
of normal aromatic values for SH and OH was not justified. This ap- 


Table 11-Observed and Predicted pKa Values of Monosubstituted Purines 


Substituent a t  Position $an 
ComDound 2 6 8 Obs. Calc. IADKal Reference‘ 


I H H H 8.93 9.43 (I), 8.85 (3) 0.50,0.08 22 
2.52 2.82 (2), 1.86 (4) 0.30,0.66 


2.61 (6), 2.69 (8) 0.09,0.17 
r n ( 5 ) ,  (7) m,m - 


- - 9.10 9.65(1), (7) m,m 23 


CH3 
ND 3.19 (21, 3.05 (8) _ _  
2.60 2.34 (4), 3.05 (8) 0.26,0.45 


2.85 3.08 (6), 3.16 (8) 0.23,0.31 


I1 CH3 


- 9.02 9.19 (31, 9.06 (7) 0.16,0.03 24-26 Ill  - 


IV - - CH3 m m (5), m ( 7 )  m,m 24-26 


V C6H5 - - m m (l) ,  rn (7) m,m 23 


VI - - C6H5 8.09 8.12 (5), 8.37 (7) 0.03,0.28 24 
- -  ND 2.50(2), - 


2.68 2.63 (6), 2.71 (8) 0.05,0.03 


ND 0.31 (4), 0.44 (8) 


1.00 


- 7x5 %75(3), m ( 7 )  m, m 25,26 


VIII - - 5.10 6.17 (5), 6.30 (7) 1.07.1.20 25,26 CF3 
_ _  CH3 VII - 


1.09 (6), 1.19 (8) 0.09,0.19 - - 
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Table 11-Continued 


Substituent at Position pKaa 
Compound 2 6 8 Obs. Calc. I ApKa I Reference" 


IX 


X 


XI 


XI1 


XI11 


XIV 


xv 
XVI 


XVII 


XVIII 


XIX 


xx 
XXI 


XXII 


XXIII 


XXIV 


xxv 
XXVI 


XXVII 


XXVIII 


XXIX 


xxx 
XXXI 


XXXII 


XXXIII 


XXXIV 


xxxv 
XXXVI 


XXXVII 


XXXVIII 


XXXIX 


XL 


XLI 


XLII 


XLIII 


XLIV 


XLV 


6.88 
0.30 m 
2.62 
333  


9.37 
2.91 m 
1.00 m 
ND 
8.21 
0.69 
73-8 
0.45 m 
1.77 m 
2.44 m 
2.21 m 
3.14 m 
2.46 
m 
2.13 m 
1.91 m 
1.63 m 
2.95 
m 
ND 
8.86 
1.72 m 
3.04 m 
0.42 
K5E 
1.13 rn 
2.22 m 
3.80 
5 3  
4.22 
mi? 
4.68 


1U3-2 
4.01 
m 
4.18 
rn 
4.78 


1032 
4.02 


1030 
3.87 
9.73 
4.80 m 
ND 
4.88 
ND 
9.83 
3.80 


e - 


7.50 (3), 7.35 (7) 
-0.03 (4), -0.23 (8) 


r n ( 5 ) .  m ( 7 )  
2.61 isj; 2.69 is) 
r n ( 3 1 ,  m ( 7 )  


33-2 (31, m ( 7 )  


m o w ,  m ( 7 )  


m (31, En (7) 


m (5), m (7) 


r n ( l ) ,  m ( 7 )  


r n ( 3 1 ,  m ( 7 )  


r n ( 7 1 ,  m ( 7 )  
2.29 (2), 2.16 (8) 
r n ( 3 ) .  m (7) 


0.65 (4), 0.86 (8) 
8.96 (5), 9.27 (7) 
2.61 (6), 2.69 (8) 


0.83 (41, 0.86 (8) 


1.02 (2). 0.91 (8) 
8.30 (11, 8.27 (7) 
0.86 (2), 0.75 (8) 


1.20 (4), 0.76 (8) 


1.96 (6), 2.05 (8) 


2.18 (2), 2.06 (8) 


2.63 (4), 2.06 (8) 


ZlS5,): Eg 


2.52 (6); 2.60 (8) 
r n ( 5 1 ,  m ( 7 )  
0.59 (6), 0.69 (8) 
r n ( 3 ) ,  m ( 7 )  
1.60 (4), 2.43 (8) 
r n ( 5 ) ,  m ( 7 )  
2.35 (6), 2.44 (8) rn(l), m ( 7 )  
3.66 (2), 3.52 (8) 


l r n ( 3 ) ,  l m ( 7 )  
3.75 (4), 3.52 (8) 
r n ( 5 ) .  m ( 7 )  
4.46 (61, 4.51 (8) 


lrn(1).  l r n ( 7 )  
4.40 izj; 4.25 is j  lrn (3), 1m (7) 
4.26 (4), 4.25 (8) 


l r n ( 5 , .  l r n ( 7 )  


4.93 (6 ) ;  4.98 (8) 
7.18 (3), (7) 


-0.49 (41, -1.90 (8) 
3.81 (51, 3.79 (7) 
0.31 (61, 0.42 (8) 
9.54 (3), 9.41 (7) 
2.83 (4), 2.89 (8) 
9.34 (3). m (7) 
- 


0.62,0.47 
0.33,0.53 


0.01,0.07 


0.41,O.lO 
0.30,0.22 


0.17,0.14 


0.09,0.06 
0.17,0.06 


0.75,0.31 


m, m 
m, m - -  


m, m 
m, 0x2 _ _  


m, m 
m, m o$E 
0.26,0.38 


0.42,0.15 


0.22,0.29 


0.17 0.30 


0.41,0.03 m, m 
0.11,0.01 m, m 
0.23,0.22 m, m 
0.34,0.26 m, m 
0.07,0.21 
0.05,0.03 


0.52,0.44 


0.17,0.27 


0.47,1.30 


0.13,0.22 


0.14,0.28 


0.47,0.70 


0.22,0.17 


0.39,0.24 


0.08,0.07 


0.18,0.23 


0.41.0.55 


0.36,0.40 


0.13,0.18 


m, m 
m, m 
m, m 
m: m 


- -  


m, m 
m,m 
m, m 
m, m 
mi, m 
m, m 
m, m 
m, m 
m, 0x5 
m, m 
m, m 
m, m 
m, m 
m, 0.17 - _  
1.07, 1.09 


0.29,0.42 
0.97,0.91 m. m 


- _  


25,26 


27 


28 


29 


25,26 


30 


31 
31 
31 


31 


24 


24 


32 


33 


33 


24 


32,34 


24,32 


35 


35 


35 


36 


37 


37 


24-26 


16 


24 


38 


24,39 


24 


24 


24,30,39 


24 


40 


40 


25,26 


25,26 


25,26 
2.54 (4j: 2.84 (8j 0.19; 0.49 


2.29 (4), 2.32 (8) 0.11,0.08 
9.15(3), m ( 7 )  m,m 


- - 
a Underlined values refer to cations. * The equation number is in parentheses. C The references refer to the source of the observed values. No data available. Unstable 


in acid (cf. .  footnote 1 in text). 


proach may narrow the conclusions since many purines possess these 
substituents. In the case of mercaptopurine and its guanine analog, it was 
shown that one active form is the 6-methylthio derivative obtained by 
in uiuo S-methylation (3). Although these methylthio compounds are 


incapable of thioiactam-thiolactim tautomerization, they are active 
themselves and were included in this study. 


Aminopurines exist mainly in the NH2 form rather than as the imino 
(NH=) tautomer (18). For this reason, use of established parameters for 
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Table 111-Equations Correlating pKa Values of Purines with Physicochemical Constants 


Equation n r S F1.x Equation n r S Fl,.xa 


1. pKa = 9.43(f0.22) 12 0.891 0.328 38.40 6. pKa = 2.61(10.14) 15 0.982 0.246 353.11 


2. pKa = 2.82(10.27) 8 0.970 0.308 94.25 Combined equation (anions) 


2-Monosubstituted purines (anions) 


2-Monosubstituted purines (cations) 


8-Monosubstituted purines (cations) 


- 3.05(f1.10)um - 2.80(*0.32)~~ 


- 5.28(11.33)0, 7. pKa = 8.71(f0.17) 45 0.931 0.535 89.07 
6-Monosubstituted purines (anions) - 1.92(&0.79)~~(2) 


3. pKa = 8.85(10.22) 19 0.910 0.447 81.79 - 2.06(&0.54) up(@ 
- 2.04(10.47)up - 5.59(*0.86)~,(8) 


6-Monosubstituted purines (cations) 
4. pKa = 1.86(10.27) 16 0.930 0.477 88.88 Combined equation (cations) 


- 2.86(10.65)uP 8. pKa = 2.69(&0.14) 37 0.950 0.414 100.74 
8-Monosubstituted purines (anions) - 5.23(*1.48) u,(z) 


5. pKa = 8.43(f0.37) 16 0.935 0.634 97.68 - 5.21 (40.96) Um(6) 
- 5.26(11.14)~, - 2.77(f0.51)uP(s) 


.3 p < 0.001. 


Table IV-Correlation Matrix for Equations 1-6 a 
~~~~ 


T for Position, u, for Position uD for Position 3 for Position R for Position MR for Position 
P a r a m e t e r 2 6 8 2 6 8 2 6 8 2 6 8 2 6 8 2 6 8  


n 1.0 
bm 0.22 0.12 0.08 1.0 ... 


0.55 0.01 0.03 


0.44 0.00 0.11 0.82 0.84 0.78 


0.49 0.06 0.05 0.86 0.88 0.85 0.47 0.52 0.40 


UP m 0.75 0.87 0.80 1 .o 
3 OT2 lJ35 0.36 0.64 0.53 1.0 


57 m 0.04 0.23 0.07 1.0 
0.25 0.04 0.37 0.50 0.51 0.36 0.88 0.88 0.82 0.15 0.18 0.06 


MR m rnrr m m 0.00 0.06 0.01 1.0 
& l l ~ ~ ~ ~ @ ~ ~ @ ~ ~ ~ ~ ~ 2  


.I Underlined values refer to cations. 


Table V-Development of Equations 7 and 8 


8.46 -2.25 
8.57 - 
8.86 - 
8.83 - 
8.71 -1.92 


2.60 -5.19 
2.76 - 
2.50 - 
2.67 - 
2.69 -5.23 


- 
-2.08 


-2.04 
-2.06 


- 


- 
-5.32 


-5.18 
-5.21 


- 


- 
- 


-5.78 
-5.74 
-5.59 


- 
- 


-2.85 
-2.78 
-2.77 


Equation 7 
0.329 1.352 F1,44 = 5.22 
0.440 1.286 F1,44  10.30 
0.776 0.903 F 1 4 4  = 65.15 
0.888 0.666 Fl,&’ 36.93 
0.931 0.535 F1>4zb = 24.21 


Equation 8 
0.388 1.180 F136 = 6.22 
0.614 1.011 F1:36 = 21.23 
0.625 1.OOO F1,36 = 22.44 
0.865 0.652 F1,35’ = 48.44 
0.950 0.414 FI ,db = 51.25 


<0.05 
<0.005 
<0.001 
<0.001 
<0.001 


<0.025 
<0.001 
<0.001 
<0.001 
<0.001 


a 


C 
b 


d 
e 


a 


C 
b 


d 
e 


This F value is obtained by comparison with Eq. c .  * This F value is obtained by comparison with Eq. d .  


the amino group was justified. Purine-6-carboxaldehyde was not included 
in the cation equations since this compound is sensitive to acids and may 
decompose during pKa determination’. 


In the pKa correlations, all pKa values found in the literature were 
included without any attempt to eliminate “outliers,” i.e., to reject sus- 
pect values. The broader scope of the conclusions more than justified the 
somewhat lower correlation coefficients that were obtained as a conse- 
quence. 


RESULTS AND DISCUSSION 


The data in Tables I and I1 were used to develop Eqs. 1-6 (Table 111). 
The observed and predicted pKa values are given in Table I1 with the 
cation values being underlined. The correlation matrix for Eqs. 1-6 is 
given in Table IV. 


Thenegative coefficient of the electronic terms in Eqs. 1-6 reflects the 
well-known relationship that electron-withdrawing groups at positions 
2,6, and 8 of purines increase the acidity. The absence of steric or hy- 
drophobic terms indicates that ionization of these compounds is due 
mainly to electronic effects. 


A. Giner-Sorolla, Sloan-Kettering Institute for Cancer Research, Rye, N.Y., 
personal communication. 


Analysis of Eq. 3 reveals that 14 of the 19 compounds undergo anion 
formation only a t  the imidazole moiety (I, 11, VII, IX, XI, XVI, XIX, 
XXII, XXIV, XXVII, XXXIII, XXXVI, XXXIX, and XLI) and that 
five derivatives (XIII, XXX, and XLIII-XLV) may undergo ionization 
elsewhere. If the correlation is restricted to compounds that undergo 
anion formation exclusively at the imidazole ring, the equation im- 
proves: 


pKa = 8.70(10.22) - 2.04(f0.44)up 


n = 14 r = 0.946 s = 0.385 F1.13 = 101.26 ( p  < 0.001) 


(Eq. 3a) 


Although Eq. 3a has better statistics, Eq. 3 is preferred because of its 
broader applicability. 


Equations 5 and 7 have rather large standard deviations, which may 
reflect some uncertainties in the pKa measurements. 


Because the correlations appeared to be statistically sound for the pKa 
values of monosubstituted purines, it seemed desirable to combine all 
of the data into one equation so that the pKa values of the disubstituted 
and trisubstituted purines could be computed. The procedure used was 
as follows. Monosubstituted purines were assigned the appropriate 
substituent constant at the substituted position only, and zeros were 
assigned to the other positions. With the six parameters (T, urn, up, 3, 
3, and MR) for the three purine positions, 18 variables are obtained. By 
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Table VI-Observed and Predicted pKa Values of Disubstituted and Trisubstituted Purines * 


Substituent a t  Position pKa 
ComDound 2 6 8 -0bs. Calc. I ADGT ReferenceC 


I 


I1 


Irr 


IV 


V 


VI 


VII 


VIII 


IX 


X 


XI 


XI1 


XI11 


XIV 


xv 
XVI 


XVII 


XVIII 


XIX 


xx 
XXI 


XXII 


XXIII 


XXIV 


xxv 
XXVI 


XXVII 


XXVIII 


XXIX 


xxx 
XXXI 


XXXII 


XXXIII 


9.90 
4.496 m 
4.71 
NDa 
5.08 m 
ND 
9.97 
ND 
7.06 


-1.16 
32% 


-3.10 m 
3.98 
lu.TI 
5.09 
1u;79 
6.23 m 
1.85 m 
2.59 m 
0.30 
7x5 
3.68 m 
4.40 
m 
2.08 
1032 
4.14 
1m 
4.42 
1033 
4.92 
1m 
5.05 m 
4.90 m 
2.83 


2.50 m 
2.80 
m 
3.04 m 
3.08 
55-2 
3.05 m 
1.25 m 
2.19 m 
2.74 m 
2.67 
m 
2.71 rn 
2-81 


9.78 
3.89 m 
4.08 
(1m) 
4.62 
m 
(1.74) 
1EJi.J 
(1.69) 
m 


-1.18 m 
-1.81 
rn 
3.55 
1m 
4.36 
1233 
6.18 m 
1.28 m 
2.03 m 


-0.21 m 
2.86 
m 
3.52 
6;62 
1.53 
103-5 
3.83 
17EI 
3.83 
1m 
4.31 
1m 
4.25 


(1TTW) 
4.31 m 
2.37 m 
2.27 m 
2.32 m 
2.74 rn 
2.68 m 
2.74 
m 
0.77 m 
1.90 m 
2.27 
m 
2.11 m 
2.22 
m 
2.16 


0.12 
0.60 m 
0.63 
0.46 rn 
0.33 


0.73 
0.02 m 
1.29 rn 
0.43 m 
0.73 rn 
0.05 m 
0.57 m 
0.56 rn 
0.51 rn 
0.82 
03% 
0.88 m 
0.55 m 
0.31 m 
0.59 m 
0.61 m 
0.80 


0.59 rn 
0.46 ox 
0.23 m 
0.48 m 
0.30 m 
0.40 
m 
0.31 
m 
0.48 m 
0.29 
m 
0.47 
033 
0.56 m 


- 


- 
- 


- 


41 


42 


39 


30 


30 


31 


31 


35 


24-26,39 


24 


25,26 


36 


25,26 


25,26 


36 


36 


35 


35 


35 


35 


35 


41 


35 


35 


41,43 


35 


35 


43 


36 


41 


35 


35 
0.49 
m 35 
0.65 


a Calculated from Eqs. 7 and 8. * Underlined values refer to cations. The refei 


employing all combinations of these parameters, it is possible to generate 
262,143 equations. However, this number of equations can be reduced 
by generating only equations that are chemically and statistically 
meaningful. In this instance, only about seven equations have one to seven 
independent variables. In this study, a stepwise regression procedure (19) 
generated the desired equations having the best statistics in a minimum 
of computer time. Equations 7 and 8 are the best combined pKa corre- 
lations of the purines; their development is given in Table V. 


Equation 7 indicates that the main contribution to the anionic pKa 
is from the a,,, variable a t  position 8, i.e., at  the imidazole moiety where 
most anion formation occurs. 


rences refer to the source of the observed values. No data available. 


According to Eq. 8, the main contribution to the cationic pKa is from 
substituents a t  positions 2 and 6, Le., on the pyrimidine ring. This fmding 
does not imply that cation formation necessarily takes place at  the py- 
rimidine moiety. The purine skeleton pcmyses four heterocyclic nitrogen 
atoms, each of which is prone to protonation, and little is known about 
the exact site of protonation of most of these compounds. Furthermore, 
exocyclic groups such as NHR, SR, and OR may be protonated to some 
extent. 


The observed and predicted pKa values for monosubstituted purines 
calculated from Eqs. 7 and 8 are given in Table 11. It is not surprising that 
Eq. 7 describes the electronic effects a t  position 2 in terms of a, while 
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Eq. 1 employs urn. Table IV shows a strong intercorrelation between urn 
and up (arc co9 0.75 = 41’) (20). Similarly, in Eq. 8, urn replaces a, of Eq. 
4 in the treatment of electronic effects a t  position 6 (arc cos 0.84 = 33O). 
Another interesting fact derived from the correlation matrix is cohsid- 
erable autocorrelation of r, especially at position 2, with am and a,. A 
similar phenomenon was observed for some benzene derivatives (21). 


The pKa values of 33 disubstituted and trisubstituted purines were 
calculated from Eqs. 7 and 8 and compared with measured values re- 
ported in the literature (Table VI). The agreement between observed and 
predicted values is reasonable considering the variation in experimental 
methods. 


Studies are in progress on the correlation of the antitumor potency and 
toxicity of polysubstituted purines with the structural parameters de- 
scribed in this paper. 
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Abstract The effect of wall thickness on the release characteristics 
of clofibrate from microcapsules prepared in gelatin-sodium sulfate was 
investigated. The wall thickness, calculated by recovering the wall ma- 
terial from the microcapsules and using the relationship between two 
concentric spheres, was related to the surface area of the droplets being 
encapsulated. Thinner walled microcapsules gave faster release and 
showed greater deviation from zero-order kinetics but followed the square 
root of time plots. Microcapsules having thicker walls approximated 
zero-order release but deviated from the square root of time plots. A 


~ ~~~ 


theoretical model was developed to explain the release characteristics 
of the microcapsules. A linear correlation was found between the wall 
thickness and the in uitro t . 5 ~  release time. 


Keyphrases 0 Clofibrate-microcapsules, effect of wall thickness on 
release characteristics 0 Microcapsules-clofibrate, effect of wall 
thickness on release characteristics 0 Hypocholesterolemic agents- 
clofibrate, effect of microcapsule wall thickness on release characteris- 
tics 


A recent investigation (1) reported the microencapsu- 
lation of clofibrate USP, a liquid hypocholesterolemic 


agent. Prepared by simple coacervation in gelatin-sodium 
sulfate, the microcapsules were recovered as discrete 
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Abstract 0 The results of a statistical simulation study of the FDA- 
proposed 75/75 requirement for some bioequivalency studies are pre- 
sented. The study used test drug products with the same true average 
bioavailability as the corresponding reference drug products but with 
various degrees of uniformity as measured by the coefficient of variation. 
The performance of the 75/75 requirement indicated that the probability 
of the test product passing was greater if both products had identical 
small coefficients of variation than if both had identical large coefficients 
of variation. Moreover, a test product compared to a reference product 
with equal variability had less probability of acceptance than an equally 
variable test product for another drug for which the reference product 
had less variability. Both results indicate that the 75/75 requirement 
should be withdrawn. An alternative uniformly most powerful, unbiased 
test, the Pitman-Morgan F test, is presented. 


Keyphrases 0 Bioequivalency studies-statistical simulation of the 
proposed 75/75 requirement Uniformity-statistical simulation of the 
proposed 75/75 requirement Bioavailability-statistical simulation 
of the proposed 75/75 requirement 


The proposed rules for bioequivalency studies of tricy- 
clic antidepressants (l), carbonic anhydrase inhibitors (2), 
probenecid (3), phenothiazine (4), and quinidine (5) all 
have a requirement dealing with the blood level results for 
individual subjects in addition to the usual requirement 
dealing with the average rate and extent of bioavailability. 
The new requirement essentially is that the relative bio- 
availability of the test product (compared to the study 
results for the clinically proven reference product for each 
subject) must be 275% for 75% of the subjects (or 70% for 
70% of the subjects in Ref. 4). 


The performance of this new 75/75 specification was 
found in the present study to have very undesirable char- 
acteristics for test and reference products that have equal 
true averages. Examination of bioequivalency studies of 
six hypothetical drugs indicated that the performance of 
the 75/75 specification sometimes can be irrelevant and 
inverse in practice. A different test is proposed here, con- 
sisting of the ratio of standard deviations with an adjust- 
ment for correlation. 


BACKGROUND 


Until recently, the only required proof of bioequivalence of two drug 
products has consisted of showing that any differences in the calculated 
averages for rate and/or extent of bioavailability were medically and/or 
statistically insignificant. The study must have a number of subjects 
sufficient to ensure a large probability, commonly 0.80, of detecting a true 
difference that would be large enough to be clinically important. 


The proposed rules (1-5) for bioequivalency studies of five drug types 
have an additional requirement on the relative bioavailability for the 
subjects. This requirement pertains to both the average and the range, 
the latter being a characteristic mentioned only recently in such guide- 
lines. Specifically, the relative bioavailability of the test product must 
be 175% for a t  least 75% of the subjects (or 70/70 in Ref. 4). 


This specification is similar in some respects to the content uniformity 
specifications on individual capsules and tablets in Ref. 6, which require 
almost all assay values to fall within 15% of the stated potency. Among 
the differences, one is very important; in place of the fixed stated potency 
(usually the labeled amount), the 75/75 specification requires the use of 


an estimate of the reference drug product potency (e.g., the area under 
the serum drug level curve) in each subject. 


While other specifications deal with the average test product results, 
this proposed specification places a requirement on the range, uniformity, 
or homogeneity of individual results. (For some drugs, but not all, this 
requirement may be reasonable.) There are two obvious ways to compare 
the test product and the reference product in this respect; one is the 75/75 
approach and the other is the ratio of the standard deviations for the two 
products. Both methods were examined in the present study. 


The performance characteristics of the 75/75 specification in the special 
case in which the true averages are practically equal (as they are for most 
well-formulated products) were examined. This study examined the 
success of the 75/75 specification in the detection of poor and superior 
uniformity of blood drug levels following administration of the test 
product. Its performance was considered in studies involving six hypo- 
thetical drugs with some important parameter, such as the area under 
the serum curve, for the test products and reference produds with various 
intersubject coefficients of variation (Table I). In all studies, the design 
was a two-way crossover. The intrasubject coefficients of variation in 
Table I were taken as 30%, a value often obtained from the error mean 
square of the crossover analysis of variance, and in Table I1 were taken 
as 2070, also a common value. 


EXPERIMENTAL 


Studies with Drug D1-Both drug products, i.e., reference product 
and test product, have a true intersubject coefficient of variation of 60% 
(a common value in bioavailability studies), and the true averages are 
equal. Since both products are tested in the same subjects, there is usually 
a degree of correlation; i.e., for a given subject, if the area under the serum 
drug curve on the reference product is above its 24-subject average, then 
on the test product the subject's area under the serum drug curve also 
is likely to be above its average. 


The computerized, stochastic simulation procedure described in the 
Appendix was used to generate 1000 studies of 24 subjects (i.e., 24,000 
subjects) with a true correlation of 0.00 to serve as a baseline. Of these 
studies, 140 met the 75/75 criterion. The same procedure was followed 
for a range of correlation coefficients, p = 0.30-0.90 (Table I). The pro- 
portion increased toward 1.00 (the fair, just value for these two products) 
as rho increased. 


Studies with Drug D2-Both of the products have an intersubject 
coefficient of variation of 40% (also a common value in bioavailability 
studies), and the true averages are equal. Table I shows that the pro- 
portion of D2 studies meeting the 75/75 criterion at any given p value was 
notably greater than the corresponding one for Drug D1. Although for 
both drugs the test products are just as good as the corresponding ref- 
erence product in this respect, Drug D1 test product is a t  a disadvantage 
simply because the intersubject coefficient of variation is large (although 
equal) for both products. The probability of accepting the test product 
is greater for D2 than for D1, although both test products really are 
equally acceptable as substitutes for their respective reference prod- 
ucts. 


Studies with Drug D3-The intersubject coefficient of variation is 
60% for the test product and 40% for the reference product, and the true 
averages are equal. The proportions in Table I are intermediate to those 
for D1 and D2 at any given p value except 0.80 and 0.90, where it is less 
than the D1 proportion. By comparing the results obtained with D1 and 
D3, it is seen that, according to the 75/75 specification, a test product with 
a range of AUC values that is 50% greater than the range of the refer- 
ence product AUC values (D3: 60% for test product and 40% for reference 
product) usually has a greater chance of being declared bioequivalent, 
in this respect at least, than does a test product with the same range as 
the reference product (Dl: 60% test product and 60% reference 
product). 


Other Drugs-The determination of how many subjects should 
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Table I-Partial Description of Simulated Studies with Three Hypothetical Drugs 


Intersubject CV, % Proportion of 1000 Studies (Intrasubject CV = So%, 24 Subjects in Each) Meeting 75/75 Criterion’ 
Test Reference 0 =  D ”  P =  P =  P =  P =  P =  P =  


Drug Product Product 0.00 0.30 0.40 0.50 0.60 0.70 0.80 0.90 


D1 60 60 0.15 0.19 0.22 0.26 0.30 0.35 0.43 0.52 
D2 40 40 0.72 0.78 0.79 0.81 0.84 0.86 0.88 0.90 
D3 60 40 0.29 0.32 0.34 0.36 0.38 0.39 0.41 0.43 


a Rho ( p )  is the true correlation coefficient; the Appendiz contains the assumptions and an outline of the method of calculating the proportions. 


Table 11-Partial Description of Simulated Studies with Three Different Hypothetical Drugs 


Intersubject CV”, % Proportion of 1000 Studies (Intrasubject CV = 20%, 12 Subjects in Each) Meeting 75/75 Criterion 
Test Reference 0 =  0‘ D =  P =  P -  P =  P =  P’ 


Drug Product Product 0.00 0.30 0.40 0.50 0.60 0.70 0.80 0.90 


D4 60 60 0.24 0.29 0.32 0.35 0.40 0.47 0.54 0.66 
D5 40 40 0.55 0.63 0.66 0.69 0.73 0.79 0.82 0.88 
D6 60 40 0.38 0.44 0.45 0.47 0.51 0.53 0.56 0.59 


0 The values in these two columns are the same as for Drugs Dl-D3 


participate in a bioequivalency study was made with the conventional 
equation involving Type I and I1 error rates, intrasubject coefficient of 
variation, and the size of the difference, e.g., in average area under the 
curve, which is considered clinically important, often 20%. When a study 
is being planned, generally the variation of only the reference product 
is known. Therefore, that is what is used in the equation. 


Table I1 shows the results of the simulation procedure for drugs with 
a smaller intrasubject coefficient of variation of 2Wo. The statistical power 
of detection of differences in average blood level AUC values in the 
studies is substantially the same for each of the three drugs and the same 
as that for the first three drugs. 


Studies with Drug DS-The D5 proportions have been brought 
slightly closer to those for D4 than for D1 and D3, but the conclusions 
are unchanged. The probability of accepting the test product is greater 
fo! D5 than for D4, although both test products really are equally ac- 
ceptable as substitutes for their respective reference products. 


Studies with Drug D6-The D6 proportions also have been reduced 
but exceed the D4 proportions for p of 10.80. The picture is less unrea- 
sonable than for D3 but still is not reasonable. The conclusion given re- 
lating to D3 must be changed slightly for Drug D6; a test product with 
a range of AUC values that is 50% greater than the range of the reference 
product AUC values usually has a greater chance of being declared 
bioequivalent, in this respect a t  least, than does a test product with the 
same range as the reference product. 


Independent Confirmation-The logic of the calculation procedure 
and the numerical results reported in Tables I and I1 were checked using 
the distribution theory provided by Marsaglia (7). The numbers agreed 
exactly to two decimals or were only 1.2, or 3 low in the second decimal 
place. 


Results in  “Equal Means” Situations-For test products that give 
blood levels just as uniform as those obtained with the corresponding 
reference products (e.g., D1 and D2), the probability of meeting the 75/75 
specification is inversely proportional to the intersubject coefficient of 
variation for the reference product. Thus, the specification is unfair to 
those particular test products that must be compared to reference 
products with large intersubject coefficients of variation. 


For test products giving blood levels that differ significantly in uni- 
formity from those obtained with the corresponding reference products 
(e.g., D3), the 75/75 specification is irregular; the inferior test product, 
that for D3, is either more likely or just as likely to be accepted as the 
equivalent test product, that for Dl.  


DISCUSSION 


Generalization-The present study dealt with cases where the true 
means for the two products were equal, as they are for most well-for- 
mulated products. When the true means were unequal, the performance 
characteristics of the 75/75 specification were not investigated here; in 
those cases, the performance of the 75/75 requirement involves the dif- 
ferences in averages as well as ranges. The findings here are pertinent also 
in cases where the true means are almost equal. The lack of a broader 
generalization does not preclude a conclusion about the 75/75 specifi- 
cation. The results indicate that in some common situations, i .e . ,  where 
the means for the test and reference products are practically equal, the 
75/75 requirement is unfair to some particular test products and is ir- 


regular in its disposition of test products of various qualities in other 
studies. Therefore, the 75/75 requirement should be dropped. 


The performance ( i e . ,  the probability of accepting the test product) 
of the 75/75 specification when the test and reference products were truly 
practically identical (with only random variation operating) depended 
on the magnitude of the variation, an irrelevant factor. The performance 
was the inverse of what it should be when the test product’s variability 
is large; with a given, fixed degree of variation for a test product, the 
smaller the reference product’s variation (i.e., the more divergent the two 
products), the greater the probability of acceptance of the test 
product. 


Pitman-Morgan F Specification Procedure-A procedure for 
comparing the uniformity, range, or standard deviation of blood levels 
of the test product to the uniformity of those of the reference product is 
the use of intersubject standard deviations for the two products. However, 
since the standard deviations are determined in the same subjects (i.e.,  
in a crossover study), the usual Fisher F ratio of variances must be ad- 
justed. This adjusted F, which is one form used to represent the Pit- 
man-Morgan results, was shown (8) to be a uniformly most powerful, 
unbiased test. 


L e t  


F = (Sz/sd2 (Eq. 1) 


where the standard deviations s1 and s2 are for the reference product and 
test product, respectively. (If F is <1.00, no further calculations are 
necessary because the uniformity of blood levels of the test product is 
estimated to be as good as that of the reference product or better.) 


Then: 


adjusted F = [(F - 1)2(n - 2)]/[4F(1 - R2)] (Eq. 2) 


where R is the correlation coefficient for the pairs of values for each 
subject. If this correlation is zero or negative, then the unadjusted F test 
is appropriate with N - 1 and N - 1 degrees of freedom. The adjusted 
F has the same distribution as the tabulated F with 1 and N - 2 degrees 
of freedom. The 0.05 probability level seems appropriate. 


The results of one study’ serve to illustrate the use of these equations 
for the area under the serum drug concentration-time curve for 18 
subjects. The standard deviation of the area was 129.8 for the reference 
product and 156.3 for the test product. The intersubject correlation 
coefficient between the area values was 0.90. The Fisher F ratio was 1.45, 
leading to a Pitman-Morgan F value of 2.94 as calculated from [(1.45 - 
1)2(18 - 2)]/[4(1.45)(1.0 - 0.902)]. This value has 1 and 16 degrees of 
freedom and the associated probability is 0.11. It was concluded that the 
two standard deviations do not differ significantly. 


The same Monte Carlo simulation data used for Drugs Dl-D6 were 
used for the Pitman-Morgan F test with the critical F at  the 0.05 prob- 
ability level. The proportions of acceptable studies were as follows: D1 
and D2,0.992 at  all p values; D4 and D5,0.986 at  all p values; D3 (N = 
24), 0.743-0.749; and D6 ( N  = 12), 0.869-0.874. These results are rea- 
sonable. 


Statistical Power-If the true (population) correlation coefficient 
were 0.80 (chosen here because it is tabulated in Ref. 9), if the Pitman- 


Unpublished data. 
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Morgan F test result in a study would be declared significant at  the 
unilateral probability level of 0.01, if the study used 18 subjects, and if 
the power of detection of a difference in test and reference product 
standard deviations were set at 0.80, then the statistically detectable ratio 
would be (by rough extrapolation of the data in Ref. 9) >2 or 3. In other 
words, a test product standard deviation that is truly more than double 
or triple that of the reference product is likely to be detected in a study 
under these conditions. Any increase in sample size to improve the de- 
tection of differences in the standard deviations is believed to be un- 
warranted since, in view of other sources of inherent variation known in 
posology but not considered further here and in view of the desirability 
of minimizing the use of human subjects in bioequivalency studies, the 
power seems ample. 


APPENDIX 


It was assumed that the test product values and the reference product 
values followed a bivariate normal distribution with both means equal 
to 100, with certain chosen standard deviations and with correlation 
coefficients (Table I) modified to allow for the intrasubject variability 
which, among other things, reduces the estimated value of p (10). 


The assumption that all actual bioequivalency data follow the bivariate 
normal distribution may be questioned; therefore, i t  is noted that very 
large intersubject coefficients of variation for AUC, e.g., 150%, are 
symptomatic of drug products with either a very skewed distribution or 
some outliers. In such cases, the mean and standard deviation are not 
sufficient to describe the bivariate nonnormal distribution. However, if 
differences in only means are tested, the analysis of variance has been 
found to be a very robust procedure that is practically undisturbed by 
such things. Remedies after the fact include transformation of the data 
(e.g., logarithmic) or identification of assignable causes for outliers; 
remedies a priori consist of controlling factors that have been found to 
cause aberrant results for the particular drug. In cases where the log 
transformation is used, the 75/75 rule also must be transformed. The 
performance of that transformed rule would be investigated differently 
than here, but intuitively the deficiencies of the rule would be substan- 


tially the same. The findings in the present study are appropriate for 
bioavailability parameters that are normally distributed. 


The Monte Carlo simulation proceeded according to a FORTRAN 
program2, which used a multivariate normal random deviate generator 
subroutine, GGNRM3, and a local subroutine, CALC, which applied the 
75/75 rule to each of the 1000 studies in turn. The main program then 
tallied up the number of studies that “passed.” One run was made to  
obtain each cell in Tables I and 11. The Pitman-Morgan F (9) was cal- 
culated for the identical sets of data. 
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Abstract 0 Two epimeric aldehydes [ (R)-  and (S)-quinidinals] and the 
corresponding acids [ (R)-  and (S)-norhydroquinidinoic acids] were 
prepared by the oxidation of quinidine. The T--S interactions of the 
carbonyl group and the aromatic moiety, as reflected in the NMR spectra, 
were compared with those of quinidine. NMR spectroscopic analyses 
made it possible to assign both the stable conformation and their con- 
figuration at  C-3 to these molecules. The free hydroxyl group at  C-9 must 
be present for the chemical shift values to be concentration dependent. 


These findings provide more information on association in the parent 
molecules. 


Keyphrases Quinidine-oxidation products prepared, conformation 
and configuration assigned, NMR analyses 0 Oxidation products- 
quinidine, conformation and configuration assigned to oxidation prod- 
ucts, NMR analyses NMR spectroscopy-analyses, quinidine and 
oxidation products, conformation and configuration assigned 


Previous work showed that the NMR spectra of quini- 
dine (I) and hydroquinidine (1) differ significantly. The 
unique features encountered in the I molecule were at- 
tributed to T-T interactions. If changes in these T-T in- 
teractions are reflected in the NMR spectra of new com- 
pounds compared to the parent substances, it must be 
determined whether there is any correlation between the 
NMR data obtained and the biological activity of the 
compound. The antiarrhythmic activity of I and quinine 


differ greatly because of differences in configuration at C-8 
and C-9. Comparison of the NMR data of I and quinine 
may provide information on the origin of these differences. 
Intraatomic distances in the molecules play an important 
role in their respective biological activities. NMR analyses 
may be valuable in assessing such differences and thus 
evaluating their possible therapeutic potential. 


NMR analysis was used in the present work to measure 
the extent of T-T interaction by changing the intensity of 
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Abstract 0 Iopanoic acid was used as a model compound to study the 
effects of the intestinal perfusion rate on the mean absorption clearance. 
Absorption of iopanoic acid followed first-order kinetics, with a first-order 
absorption rate constant (k,) linearly dependent on the dry intestinal 
weight. An absorption clearance-time plot revealed three phases. Phase 
I represented an equilibration phase, Phase I1 was a uniform phase, and 
Phase I11 was a physiological deterioration of the animal under prolonged 1 


anesthesia. The variability in the observations during Phase I1 of the 
absorptive clearance-time profiles was assessed statistically, and the 
minimum occurred at 9.9 pl/sec (0.594 ml/min). The relation between 
the coefficient of variance (CV) and the perfusion rate is given by CV = 
(-5.52 X 10-5)Q3 + (2.78 X 10-3)Q2 - (3.87 X 10-2)Q + 0.243, where Q 
is the perfusion rate through the intestinal lumen. These studies dem- 
onstrate that an optimal flow rate exists for minimizing the variability 
in in situ absorption studies. The dependency of the absorption clearance 
on the intestinal perfusion rate appears to conform to the convective 
diffusion model. 


Keyphrases Iopanoic acid-absorption from in situ rat small intes- 
tine, optimal perfusion rate determined Absorption, GI-iopanoic acid 
from in s i tu  rat small intestine, optimal perfusion rate determined 
Models, pharmacokinetic-convective diffusion model, relationship 
between intestinal absorption clearance and intestinal perfusion rate, 
rats Perfusion rate-optimum, in situ intestinal absorption studies, 
rats 


Drug absorption studies have utilized animal models 
and employed both in uitro and in viuo techniques. The 
clinical ramification of these studies is the delineation of 
the factors influencing drug absorption so as to maximize 
drug therapy from the standpoint of drug dosing, efficacy, 
and safety. 


Results from in uiuo studies often lack reproducibility. 
This problem may be due to a lack of attention on exper- 
imental design or the physiological conditions of the ani- 
mal preparation (1). Factors that influence both solute 
absorption and transmucosal fluid movement include the 
constituents of the perfusates (l), pH (2-8), and bile salts 
(9-11). The flow rate through the intestine also signifi- 
cantly affects the absorption rate. The flow rate influenced 
the calcium absorption rate in dogs (12), and the in vivo 
perfusion method was used to determine the effect of flow 
rate on glucose absorption in rats (13). In another study 
(14), the perfusion load could predict glucose absorption 
in humans. Other studies (3,4) investigated the effects of 
flow rates and other lumenal factors influencing vitamins 
A1 and K1 absorption. In addition, the possible mecha- 
nisms by which changes in flow rate might affect drug 
absorption were studied (15). 


Although each of these studies led to recommendations 
for the optimal experimental design for drug absorption 
studies, virtually no work has been reported on the effects 
of flow rates on the variability of absorption. Maintaining 
the variability a t  a minimum is important for valid com- 
parisons between agents that may alter normal absorption. 
This study was designed to determine an optimal flow rate 


a t  which variability in the mean absorption clearance of 
a model compound, iopanoic acid, could be minimized 
during in s i tu  experiments. 


EXPERIMENTAL 


All chemicals were analytical reagent grade and were used as received. 
A modified Krebs buffer constituted the working isosmotic buffer, in 
which the iopanoic acid perfusion solution was prepared, and was com- 
posed of 25 mM NaHC03,1.2 mM KH~P04,1.2 mM MgSO4,4.7 mM 
KCl, and 118.4 mM NaC1. The iopanoic acid perfusion solution was 
prepared by stirring excess iopanoic acid' with 1 liter of the buffer and 
filtering through a buchner funnel. The filtrate concentration of iopanoic 
acid was adjusted to 1.8 pmoles/ml, and the resultant pH was 7.8 as 
measured on a pH meter2. 


Male albino Sprague-Dawley rats3, 200-300 g, were maintained in fully 
accredited animal care facilities4 on a 12-hr light cycle at 72 O F  (11.1 "C) 
and 50% humidity for a t  least 1 week prior to use. The animals received 
food6 and water ad libitum but were fasted 12-16 hr before each exper- 
iment. Longer fasting times were not used to avoid possible deviations 
in absorption (16). 


The surgical procedure was similar to that described by Schanker et 
al. (6). Anesthesia was induced by injection of urethan (1.5 mg/kg ip). 
A midventral abdominal incision extending 5-6 cm posteriorly to the 
pectoris minor was made, and the small intestine was exposed. The je- 
junum was located, and a small incision was made 6-8 cm below the 
ligament of Trietz. Care was taken not to cut through the segment com- 
pletely. A similar incision was made 30 cm aboral to the first. The segment 
then was gently flushed with 30-40 ml of modified Krebs buffer until the 
effluent was clear and the segment was free of waste and debris. The 
flushing process was slow so as not overly to expand the intestine and 
cause damage due to high hydrostatic pressure. 


The ends of the segment were cannulated with the needle adaptor end 
of a sterilized Travenol extension set and secured with encircling 00 
surgical silk sutures fitted through the mesentary proper, between two 
branches of the superior mesenteric vein. The free end of the extension 
set cannulating the upper portion of the segment was attached to a 
Lambda infusion pump6, while the free end of the extension set cannu- 
lating the distal portion of the segment extended along the ventral surface 
of the rat into a 10-ml graduated cylinder. The intestinal segment then 
was placed within the abdominal cavity carefully to avoid crimping and 
kinking of the segment, which would lead to subsequent obstruction. The 
body temperature of the animal was maintained at 37" by a heating lamp 
and a constant-temperature device7 regulated by a thermister probe 
placed within the abdominal cavity. The abdominal incision, as well as 
any exposed intestine, then was covered with gauze sponges moistened 
with warmed buffer and changed throughout the study to ensure a clean 
moist cover. 


The cannulated jejunal segments ranged from 20 to 30 cm in length 
and were perfused with iopanoic acid at  one of the following flow rates: 
2.1 pl/sec (0.126 ml/min), 3.1 pl/sec (0.186 ml/min), 4.2 pl/sec (0.252 
ml/min), 8.3 &sec (0.498 ml/min), 12.5 pl/sec (0.75 ml/min), 16.7 pl/sec 
(1.002 ml/min), and 20.5 pl/sec (1.23 ml/min) for 240-300 min. Drainage 
from the segment to the collecting cylinder was achieved by gravity. 
Samples were taken every 30 min for the perfusion rate of 2.1 pl/sec and 


Telepaque, Sterling-Winthrop, Rensselaer, N.Y. * Model 12, Corning Glass Works, Corning, N.Y. 
3 Laboratory Supply Co., Indianapolis, Ind. 
4 American Association for the Accreditation of Laboratory Animal Care. 
6 Purina Rodent Laboratory Chow 5001. 
6 Model 1301, Harvard Apparatus Co., Millis, Mass. 
7 Thermistemp, model 74, Yellow Springs Instrument Co., Yellow Springs, 


Ohio. 
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Figure 1-Relationship between the intestinal absorption Clearance 
(Cla) and time for iopanoic acid to perfuse a t  a rate of 9.9 pllsec. The 
broken vertical tines delineate the three distinct phases within a par- 
ticular study. Phase Z represents an equilibration phase, Phase II is the 
phase of uniform clearance from which all comparisons are made, and 
Phase III is indicative of a physiological deterioration of the animal 
under prolonged anesthesia. 


every 15 rnin for 3.1 pllsec to ensure adequate volume collection for ac- 
curacy in the assay and in volume determination. Eight-minute intervals 
were used for sample collection at the flow rate of 20.5 pllsec so as not to 
exceed the capacity of the collecting cylinders. Sample collection intervals 
of every 10 min were used for the other flow rates. 


The volume at  the end of each time interval was recorded, and the 
sample was mixed on a vortex mixer8 to ensure a homogeneous solution. 
A 2-ml aliquot then was placed in a 2.5-ml polystyrene vial9 and assayed 
for total iodine content by fluorescence excitation analysis (17). A stan- 
dard curve was constructed by, plotting the ratio (NKalNC)  against 
known concentrations of iodine, prepared by dissolving appropriate 
amounts of sodium iodidelo in demineralized, double-distilled water to 
yield concentrations of 0.0,0.25,0.5, 1.0, 1.5, and 5.0pMlml. 


Standard curves were constructed routinely to verify the reliability 
of the assay. At  no point was the correlation coefficient ( r )  less than 0.999. 
During the analysis of a set of samples from one experiment, standard 
samples were run periodically as a check for deviation in the standard 
curve. Most checks were within f2%.  A deviation of 4% or greater was 
considered unacceptable, and a new standard curve was constructed. In 
such cases, the analysis was repeated starting from the first sample as- 
sayed using the previous standard curve. 


A t  the end of the experiment, the animal was sacrificed and the in- 
testinal segment was placed in an aluminum dish and oven dried at 110' 
for 48 hr. The dried intestine was weighed1' accurately, and all clearance 
values were normalized to 100 mg of dry weight. The relationship between 
clearance and the dry intestinal weight was linear. 


Absorption clearance ( C l A )  for each collection period was calculated 
using: 


(Eq. 1) 


where V is the measured perfusion flow for that collection period, Cin is 
the iopanoic acid concentration in buffer entering the gut segment, and 
Cout is the iopanoic acid concentration collected leaving the gut segment 
during the collection period. 


RESULTS AND DISCUSSION 


Iopanoic acid is a poorly absorbed cholecystographic agent. Its poor 
absorption has been implicated as the cause of some failures encountered 
during an initial examination since, upon repeat administration or dou- 
bling of the dose, 30% of those subjects with initial inadequate visual- 
ization showed excellent visualization (18-20). Therefore, nonvisuali- 
zation must be confirmed by repeat examination or upon doubling of the 
dose at  a future date before disease or obstruction can be considered a 
viable diagnosis. 


Since absorption of iopanoic acid must be maximized to produce a 


~~ ~ ~ - -~ 


8 Bronwill, VWR Scientific, Brisbone, Calif. 
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Figure 2-NONLIN computer fit for the third-order polynomial 
function relating the mean coefficient of variance in the absorption 
clearance and the intestinal perfusion rate. 


desired effect, it was selected as a model compound to suggest a method 
of decreasing variability in the data collected, thereby giving more cre- 
dence to the results of comparative treatments made to influence drug 
absorption and to delineate absorption mechanisms. Iopanoic acid also 
provides a quick, sensitive, and uncomplicated assay with essentially no 
manipulation involved. 


The absorption clearance was measured and plotted as a function of 
time. A representative absorption clearance-time course is shown in Fig. 
1. These clearance profiles have three distinct phases or sections. Phase 
I, lasting about 60-70 min, generally exhibited an apparent decrease in 
clearance with time; this result could be due to equilibration of water 
transport and failure to flush out totally the residual wash solution re- 
maining within the segment a t  the start of the perfusion. Schanker et al. 
(6) reported a similar phenomenon during the initial phase of their ab- 
sorption experiments. Podesta and Mettrick (21) also allowed a 20-min 
equilibration period in their perfusion experiments. 


Phase 11, characterized by relatively uniform clearance values from 
40 to 180 min (and in some cases 240 rnin), was followed by a third phase 
of clearance. Phase I11 was attributed to a deterioration in the physio- 
logical condition of the rat under prolonged anesthesia. In separate 
studies, it was determined that back-diffusion of iopanoic acid from the 
blood to the lumen and its binding to the gut mucosa did not occur. 


The scatter or variability of the data in Phase I1 of the clearance-time 
profiles appeared to be flow rate dependent. High scatter seemed to be 
associated with the fast and slow flow rates; low scatter was associated 
with intermediate flow rates. To discern the actual relationship, the mean 
coefficient of variance at  each flow rate was calculated and plotted as a 
function of the flow rate (Fig. 2). The resultant plot resembled a parabolic 
function. The data were fitted subsequently to a series of polynomial 
functions as well as hyperbolic, logarithmic, exponential, and root 
functions. The equation giving the best fit and minimum sum of squares 
is: 


Y = (-5.19 X 10-5)x3 + (2.65 X 10-3)x2 - (3.7 X 10-2)x + 0.24 
(Eq. 2) 


where x is the flow rate (microliters per second) and Y is the coefficient 
of variance. 


Solving the quadratic differential yielded a root of 9.89 for the mini- 
mum value. Six rat studies were conducted at the calculated optimal flow 
rate (9.9 pllsec), predicted to provide the minimum coefficient of variance 
for the aborption clearance. These results gave the predicted minimum 
coefficient of variance (Table I). The results of the least-squares nonlinear 
regression analysis by Marquardt's gradient-expansion method (22) are 
given in Table 11. The data obtained from the flow rate experiment per- 
formed at 9.9 pl/sec (0.594 mllmin) were added to the results of the 
previous studies and again fitted to a series of polynomial functions. The 
final equation from the least-squares fit is given by Q. 3 and was verified 
by successfully fitting the data using NONLIN (23): 


Y = (-5.52 X 10-5)r3 + (2.784 X 10-3)x2 - (3.87 X lO-')x + 0.243 
(Eq. 3) 
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Table I-Mean Coefficient of Variance and Standard Deviation 
of Absorotion Clearance at Different Perfusion Rates 


Perfusion Mean Coefficient Standard Deviation 
Rate, pl/sec n of Variance between Experiments 


2.1 4 0.1682 0.0339 
0.0568 
0.0394 
0.0182 
0.0164 


12.5 6 0.0942 0.0252 
16.7 7 0.1137 0.0355 
20.5 7 0.1450 0.0170 


The dependence of the coefficient of variance on flow seems to follow 
this polynomial relationship. From this relationship, the flow a t  which 
the coefficient of variance was minimized could be calculated. Thus, the 
optimal flow rate, which minimized the variability in the data, was de- 
termined to be 9.9 pl/sec (0.594 ml/min). 


The magnitude of the mean absorption clearance within the uniform 
phase (Phase 11) was also dependent on the flow rate (Fig. 3) as noted 
previously (24). The higher flow rates produced higher absorption 
clearance values, which will be discussed. 


An analysis for determining significant differences between the coef- 
ficients of variance at each flow rate was performed. Since multiple 
comparisons were to be made, the linear contrast method, Fisher’s pro- 
tected least signficant difference (25), was selected over multiple t tests 
to minimize the overall error rate. The overall error rate to t test com- 
parisons is given by: 


overall error rate = 1 - (1 - a)= (Eq. 4) 


The term a is a value between 0 and 1 and denotes the probability of in- 
curring type I errors (falsely rejecting the null hypothesis), and c is the 
number of comparisons made. Thus, the error rate increases with an in- 
creasing number of comparisons. Therefore, if multiple comparisons 
between the eight flow rates are made, the probability of falsely rejecting 
the null hypothesis (the means of the coefficients of variance at two flow 
rates are equal) on at  least one t test becomes quite large. The calculated 
F ratio (6.36) is much larger than the tabulated value (3.3) at a = 0.01. 
The least signficant difference (LSD) for each comparison was calculated 
by: 


LSD = t , / 2  d S a w ( l  Ni + L) Nj (Eq. 5) 


where t,/2 denotes the tabulated critical t value for a two-tailed test, Ni 
and N, are the respective sample sizes, and S2w is the mean square within 
samples obtained from a one-way analysis of variance. 


The results of the LSD were: ( a )  9.9 and 8.3 pl/sec were significantly 
less than 2.1,3.1,4.2, and 20.5 pl/sec at p < 0.01 and significantly less than 
16.7 pllsec at  p < 0.05; ( b )  12.5 pl/sec was significantly less than 2.1,3.1, 
and 20.5 pllsec at p < 0.005; and (c) 16.7 pl/sec was significantly less than 
2.1 pl/sec at p < 0.005 and significantly less than 3.1 pl/sec at  p < 
0.05. 


Table 11-Nonlinear Least-Squares Regression Analysis a for 
the Mean Coefficient of Variance versus Flow Rate eurve  


X b  Y(obs)c Y(calc)c Deviation 


2.1 0.1682 0.1735 -0.0053 
3.1 0.1541 0.1482 0.0060 
4.2 0.1278 0.1255 0.0023 
8.3 0.0781 0.0822 -0.0041 
9.9 0.0754 0.0794 -0.0040 


12.5 0.0942 0.0868 0.0074 
16.7 0.1137 0.1165 -0.0028 
20.5 0.1450 0.1445 0.0048 


weighting = 1 
variance = 411.42 X 


standard deviation = 0.0064 
correlation coefficient = 0.9904 


r-square = 0.9804 
sum of squares of error = 164.57 X 
percent error reduction = 99.8 


By Marquardt’s gradient-expansion method (22). * Flow rate, microliters per 
second. Coefficient of variance. 
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Figure 3-Relationship between the mean absorption clearance and 
the intestinal perfusion rate. 


No significant difference was observed among 8.3,9.9, and 12.5 pl/sec 
( p  > 0.1). The coefficient of variance for 16.7 pl/sec did not differ sig- 
nificantly from the coefficient of variance for 12.5 pl/sec but was signif- 
icantly different from 8.3 and 9.9 pl/sec at  p < 0.01. Because of this latter 
result, the optimal flow rate, which could aid in the experimental design 
and improve the results of subsequent absorption studies, should be 
between 8 and 10 pl/sec rather than between 8 and 13 pllsec. 


In uiuo work by Hollander and coworkers (2,3), who used flow rates 
of 0.5, 1.0, 2.5,5.0, and 10.0 ml/min to study their effect on vitamin A1 
and vitamin K1 absorption, tends to support the present work. Use of 
their data to calculate a coefficient of variance reveals that the minimum 
coefficient of variance occurred at  0.5 ml/min (8.3 plhec). The maximum 
variability occurred between 1.0 and 2.5 ml/min. Koezumi et al. (26), 
using flow rates of 2.5,5.0,6.5, and 10.0 ml/min to study the absorption 
rate of unionized sulfamerazine, reported data that, by our calculations, 
revealed low coefficient of variance values. Rates above 1.5 ml/min be- 
come, in a sense, nonphysiological, and the decrease in or the low coeffi- 
cient of variance values become an artifact of the high perfusion rate. 
Such high rates do not allow for subtle intralumenal influences normally 
affecting drug transport across the mucosal barrier. These large values 
for the absorption rate increase the denominator in the calculation of the 
coefficient of variance, thereby making it small and reflecting perhaps 
the efficiency of the pump delivering the perfusate. 


The convective diffusion model of Nelson and Shah (27-29) was se- 
lected to describe the effects of flow rates on the absorption clearance. 
Originally used to describe the drug dissolution rate (27, 28) and later 
membrane transport (29), the model gives the equation for the dissolution 
rate ( R )  across the surface of a rectangle of length L and width b as: 


R = 0.808D2/3Coa1’3bL2/3 (Eq. 6) 


where D is the diffusivity, CO is the solubility (usually given as the initial 
concentration in the donor phase), and a represents the shear rate ad- 
jacent to the planes for flow between two parallel planes and is defined 
as: 


6Q 
H 2  W 


a = -  


where Q is the volumetric flow rate and H and Ware the height and width 
of the channel in the diffusion cell, respectively. If a cylinder is considered 
to be a good approximation of the intestinal membrane surface, the 
corresponding equation for the absorption rate ( R )  is: 


R = 0.808D2/3Coa1/32~rL2/3 (Eq. 8) 


The initial concentration in the perfusing solution (CO) changes as a result 
of absorption. To account for absorption and the subsequent concen- 
tration gradient, the “logarithmic mean,” (CO - C,)/ln(Co/C,), was used 
as the best average for laminar flow through a solute-permeable tube (30). 
Dividing Eq. 8 by this logarithmic mean for the concentration results in 
the absorption clearance expression: 


Cla = 0.808D2&1/32~rL2/3 (Eq. 9) 


The shear rate (a), relating the linear velocity with the distance away 
from the surface over which the flow occurs (Eq. 71, is for flow between 
two planes; however, a similar expression can be derived for the shear rate 
through a cylinder. If it is assumed that the intestinal segment is long 
enough to avoid end effects, the velocity distribution for a liquid under 
steady laminar flow through the cylinder of length L and radius r is a 
parabolic function given by (31): 
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Figure I-Linear relationship between the first-order absorption rate 
constant (k3 and the dry intestinal weight. The correlation coefficient 
of the regression line is 0.9933 with a corresponding slope of 0.01 (g 
min)-'. The intercept of 0.0001 was not statistically different from zero 
(p < 0.05). 


where 11 is the viscosity that is the proportionality constant relating the 
shear rate and the shearing stress and AP is the pressure drop over the 
intestinal segment and represents the combined effect of static pressure 
and gravitational force. The volumetric flow rate (Q) is given by the 
well-known Hagen-Poiseuille law (31): 


(Eq. 11) 


Differentiating the velocity with respect to r', the radial distance from 
the parabolic maximum velocity (center of the tube), results in an ex- 
pression for the shear rate given by: 


(Eq. 12) 


Since the concern is with stress against the absorbing surface, this point 
of maximal stress occurs where r' equals the radius r .  Solving Eq. 11 for 
AP and substituting into Eq. 12 give an expression relating the shear rate 
and the volumetric flow rate for laminar flow through a tube: 


a=- 4Q 
7rr3 


Winne (32) reported that the length and intralumenal radius of the 
perfused segment were not altered when the perfusion rate was varied 
from 0.1 to 0.5 ml/min. Lewis and Fordtran (15) showed that the in- 
tralumenal pressure did not change when the perfusion rate was raised 


0 '1. 8 


10-11 . 
3 4 5 6 7 8 9 1 ' 0 '  2 


PERFUSION RATE, pl/sec 
Figure 5-Log-log plot of the absorption clearance as a function of the 
intestinal perfusion rate in accord with the conuectiue diffusion 
model. 


from 1 to 10 ml/min. These reports indicate that the radius can be con- 
sidered a constant over the range of rates used. 


The linear relationship between ClA and the dry intestinal weight, 
previously mentioned, was also noted between the first-order absorption 
rate constant and the dry intestinal weight (Fig. 4). This figure suggests 
that, on normalization, the only variable becomes the flow rate. By 
combining constants, Eq. 9 reduces to a simplified format exemplified 
by: 


ClA = NQ1I3 (Eq. 14) 


where N is the constant product of all other terms. 
In accord with Eq. 14, a plot of log c1A uersw log Q should result the- 


oretically in a straight line with a thoretical slope of 0.33. The experi- 
mental results are plotted in Fig. 5. The resulting slope is 0.339 with a 
correlation coefficient of 0.992 for rates between 6.2 and 20.5 jd/sec. This 
experimental slope value indicates excellent correlation with the theo- 
retical value for the convective diffusion model hypothesis. Even when 
the rates of 3.1 and 4.2 pl/sec are included in the statistical analysis, the 
resultant least-squares slope of 0.388 still is in reasonable accord with 
the model. The slight deviation from theory on addition of the lower flow 
rates may be the result of longer resident times within the segment, 
possibly reflecting more complex absorption phenomena resulting from 
the invaginations between villi not accounted for in the simple cylinder 
shape assumption. 


The literature abounds with discussions on the aqueous diffusion layer 
adjacent to the mucosal wall and its influence on the absorptive process. 
The convective diffusion model not only accounts for simple diffusion 
through this layer but allows for fluid flow and convection, which has been 
very useful in modeling the absorptive process for iopanoic acid in these 
studies. The increase in clearance with increasing flow rate probably was 
due to increased shear adjacent to the membrane, which increased the 
concentration gradient normal to it, since the surface area does not seem 
to be greatly affected (32) until rates above 10 ml/min are used (15). 


In summary, the present studies suggest that there is a singular region 
in which the flow rate in an in situ perfusion system maximizes the reli- 
ability of the data collected. Minimizing the coefficient of variance lends 
more credence to observed data, providing more reliable parameters for 
comparative studies. 


Knowing the optimal flow rate a t  which to perform perfusion experi- 
ments in uiuo will permit more precise comparisons of the effects of 
modifying agents (e.g., ions, nutrients, bile salts, and other drugs) on 
mucosal transport of a given solute. 
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Abstract 0 The mixing of three organic carboxylic acids with micronized 
lactose, all cohesive in nature, was studied using a cylindrical shear mixer. 
Three mixing indexes (S/UA, S/LTR, and the Ashton-Valentin mixing 
index) were used to evaluate mixing of the three drugs with lactose. The 
results suggested that maximum homogeneity was reached after 45 min 
of mixing. However, different mixing indexes showed different sensitivity 
to homogeneity of the individual components. The mixing index S / I J A ,  


which is based on setting standard specifications, appears to  provide a 
better evaluation of homogeneity of individual components compared 
to the mixing indexes based on complete random mixing theory. The 
latter did not approach unity for any drug component used in this study. 
These results suggested that mixing of cohesive powders is a complex 
process and cannot be explained fully by simple theory based on complete 
random mixing. 


Keyphrases 0 Mixing-of multicomponent cohesive powders, evalua- 
tion of homogeneity using three mixing indexes based on statistical 
analysis 0 Powders-multicomponent mixing of cohesive powders, 
evaluation of homogeneity using three mixing indexes based on statistical 
analysis 0 Carboxylic acids-cohesive powders mixed with lactose for 
homogeneity evaluation, evaluation of three mixing indexes based on 
statistical analysis Dosage forms, design-multicomponent mixing 
of cohesive powders to determine homogeneity of individual components, 
three mixing indexes evaluated 


The mixing of a cohesive drug with cohesive, nonco- 
hesive, and free-flowing excipients was studied previously 
(1) using two types of mixers, cylindrical shear and V- 
shaped tumbling. Most mixing studies use binary systems, 
and mixing indexes based on statistical analysis are used 
to evaluate homogeneity. However, many practical situa- 
tions in dosage form design require mixing several pow- 
ders. Although most multicomponent mixing has been 
studied theoretically (2-6), one practical multicomponent 
system used 10% phenobarbital, 1% secobarbital, 1% bu- 
tobarbital, and 88% lactose (7-9). 


Accepted for publication August 14,1980. 


The multicomponent mixing of cohesive powders is one 
of the most difficult and complex powder mixing systems. 
None of the reported mixing studies have dealt with this 
powder mixing system. 


This paper reports the mixing of cohesive powders of 
three organic carboxylic acids and an excipient in a cylin- 
drical shear mixer. The results were evaluated by the 
mixing indexes based on complete random mixing and on 
standard specifications described previously (10,ll).  


EXPERIMENTAL 


Materials-Three organic carboxylic acids, 7-methylsulfinyl-2-xan- 
thone carboxylic acid (I), 7-methylthio-2-xanthone carboxylic acid (II), 
and 5-isopropoxy-7-methylthio-2-xanthone carboxylic acid (111), and 
mestranol were a t  least 99% pure’. USP grade lactose2 was micronized3. 
Component I was micronized, and I1 and 111 were used as received. 
Methanol4 was spectra grade, and polysorbate 805 was USP grade. All 
other chemicals were analytical grade unless specified otherwise. 


Physical Properties-The particle-size distributions of 1-111 were 
determined6 by electronic counting. The vehicle was a saturated solution 
of the compound in 0.6% HC1 containing 0.018% polysorbate 80. The 
filtered vehicle was used to disperse the drug powder. 


The particle-size distribution of the micronized lactose was deter- 
mined’ by automatic sedimentation, using photoextinction to measure 
the apparent projected area a t  decreasing sedimentation depths with 
increasing time. 


The densities of the organic carboxylic acids were determined by the 
density matching method of Oster and Yamamoto (12). Mixtures of 
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Abstract 0 The effect of increasing the hydrophilicity of acetohexamide 
and tolbutamide with hydroxypropyl methylcellulose and methylcellulose 
on drug dissolution and hypoglycemic activity in rats was examined. The 
dissolution rate of both drugs was increased according to the type and 
concentration of the polymer. The oral absorption of both drugs was 
improved, as indicated by potentiation of the reduction in blood glucose 
in rats. The efficiency of the polymer in increasing the dissolution rates 
of the drugs correlated with the hydrophilicity of the polymer. 


Keyphrases Hypoglycemics-improved absorption through increased 
hydrophilicity 0 Tolbutamide-improved absorption through increased 
hydrophilicity 0 Acetohexamide-improved absorption through in- 
creased hydrophilicity Absorption-tolbutamide and acetohexamide, 
improved absorption through increased hydrophilicity 


Certain oral hypoglycemics, e.g., acetohexamide and 
tolbutamide, are poorly water soluble and have irregular 
dissolution rates (1-3). Coprecipitation with povidone and 
solid dispersion of tolbutamide in polyethylene glycols 
have been utilized to increase the dissolution rate (4,5) and 
bioavailability (5, 6). Inclusion of acetohexamide in cy- 
clodextrin enhanced its dissolution and hypoglycemic 
activity (3). 


The increased hydrophilicity of drugs, i .e.,  the conver- 


sion of the hydrophobic surface of the drug to a hydrophilic 
one through treatment with a film-forming water-soluble 
polymer, increased the dissolution of hexobarbital(7) and 
the bioavailability of phenytoin (8) and griseofulvin (9). 
The polymer? used were methylcellulose, hydroxyethyl 
cellulose (7), and hydroxypropyl cellulose (9). 


The objective of the present study was to investigate the 


Figure 1-Apparatus for measuring the uptake of dissolution fluid by 
drug disks. Key: A, disk stager; B, drug disk; C, graduated pipet; and 
D, water bath. 
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Figure 2-Dissolution rate of tolbutamide untreated and treated with 
methylcellulose. Key: 0, untreated; and 0,  A, and A, treated with 2.5, 
5, and 10 m2 of a 5% methylcellulose solution/20g, respectively. 
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Figure 4-Dissolution rate of acetohexamide untreated and treated 
with methylcellulose. Key: 0, untreated;and 0, A, and A, treated with 
2.5, 5, and 10 ml of a 5% solution of methylcellulose/20 g, respec- 
tively. 


effects of increasing the hydrophilicity of acetohexamide 
(I) and tolbutamide (11) on their dissolution and oral ab- 
sorption in rats. The polymers selected for increasing the 
hydrophilicity were hydroxypropyl methylcellulose (111) 
and methylcellulose (IV). The uptake of dissolution fluid 
by the treated and the untreated drug was measured. 


EXPERIMENTAL 


Materials-Acetohexamide' (mean particle size 6 pm), tolbutamide2 
(mean particle size 7 pm), hydroxypropyl methyl~ellulose~, and meth- 
ylcellulose4 were used. 


Treatment of Powders-The dispersionof 111 and IV onto the surface 
of I and I1 was carried out in a small high-speed mixer5. The drug (20 g) 
was placed in the mixer with 2.5,5, or 10 ml of a 5% aqueous solution of 


10 20 30 40 50 60 
MINUTES 


Figure 3-Dissolution rate of tolbutamide untreated and treated with 
hydroxypropyl methylcellulose. Key: 0, untreated; and 0,  A, and A, 
treated with 2.5,5, and 10 ml o f a  5% solution of hydroxypropyl meth- 
ylcellulose/20 g ,  respectively. 


Eli Lilly, Indianapolis, Ind. 
Industriale Handelmaeatscharani, Amsterdam, The Netherlands. 
Al-Arabia Factory for Pharmaceuticals, Ameria, Cairo, Egypt. 
BDH, Poole, England. 
Erweka-Haeusenstamn, Kr, Offenbach, Main, West Germany. 


the polymer. Mixing was continued for 45 min and then stopped to allow 
removal of material adhering to the walls with a spatula. This process was 
repeated three times. 


The resultant mass was dried in vacua at 50' for 24 hr and screened 
through a No. 20 mesh screen. The powder then was manually filled into 
No. 9 capsules5, each containing a quantity equivalent to 100 mg of the 
drug. 


Dissolution Testing-The dissolution of the capsules was tested 
according to USP XIX (10) using the USP dissolution apparatuss. The 
dissolution medium consisted of 900 ml of the medium specified in the 
monograph for each drug [containing 0.01% (w/v) polysorbate 806]. 
Samples (5 ml) were withdrawn at 10,15,20,25,30,45, and 60 min and 
filtered through a membrane filter' (0.5-pm diameter), and their ab- 
sorbances* were measured a t  245 and 226 nm for I and 11, respectively. 
Correction of the analysis was carried out by subtracting the absorbance, 
if any, due to the polymer solution to obtain the actual drug concentra- 
tion. Each study was based on three dissolution tests, and the average 
values are reported. 
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Figure 5-Dissolution rate of acetoheramide untreated and treated 
with hydroxypropyl methylcellulose. Key: 0, untreated; and 0,  A ,  and 
A, treated with 2.5,5, and 10 ml of hydroxypropyl methylcellulose/20 
g, respectively. 
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Figure 6-Uptake of dissolution fluid by untreated and treated tolbutamide disks. Key: A, treated with methylcellulose; and B, treated with 
droxypropyl methylcellulose. The volumes shown were used for each 2 0 g  of drug. 


Disk Preparation-The powders were compressed with a tablet 
machine5 to produce disks of 200 mg, having a hardness of -4 kg on a 
tablet hardness tester5. 


Liquid Penetration-The unidimensional penetration of the medium 
used for dissolution of I1 through disks of treated and untreated drug was 
carried out using the proposed apparatus (Fig. 1). The disk was fixed in 
position as shown. The medium used for dissolution was allowed to fill 
the whole capillary and just to touch the lower surface of the disk. 


The movement of the liquid surface in the capillary was observed for 
1 hr, and the change during each time interval was converted to volume 
in milliliters. The experiment was repeated with six disks of each hatch. 
The average cumulative volume of liquid taken up by the disks was 
compared. The accuracy and reproducibility of the proposed technique 
were obtained by comparing the coefficient of variation for each hatch 
tested. 


Hypoglycemic Activity-The effect of orally administered aceto- 
hexamide and tolbutamide and their treated powders on the blood glu- 
cose concentration of adult male albino rats was studied. Male albino rats, 
150-200 g, were fasted 24 hr before the experiment but were allowed free 
access to water. They were divided into six groups of 18 rats each. One 
group was given a suspension of I1 in water (1%) at  a dose of 200 mg/kg. 
A second group was given an equal dose of I1 treated with a 5% solution 
of IV (2.5 m1/20 9). A third group was given the same dose of I1 treated 
with a solution of I11 (2.5 m1120 8) .  The remaining three groups of rats 
were given treated and untreated forms of I in a similar schedule. 


Each group was divided into six subgroups of three rats each. One group 


60 4 


7 ~~ ~ 


1 i i 4 5 
HOURS 


Figure 7-Changes in blood glucose levels of rats after oral adminis- 
tration of untreated and treated tolbutamide. Key: . , untreated; and 
0 and A, treated with 5% hydrorypropyl methylcellulose and meth- 
ylcellulose (2.5 m1/20 g),  respectively. 
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was sacrificed at  each time interval (0.5,1,2,3,4, and 5 hr), and -3 ml 
of the blood was collected from each animal. The blood samples were 
centrifuged a t  3500 rpm for 20 min, and 0.5 ml of serum for each sample 
was analyzed for its glucose contentg (11). Three animals were used as 
controls to determine the blood glucose level a t  time zero. The mean blood 
glucose levels of each subgroup were compared, and the differences were 
tested for significance using the Student t test. 


RESULTS AND DISCUSSION 


Figures 2-5 show the effect of treating the surfaces of I and I1 with 111 
and IV on their dissolution from hard gelatin capsules. The treated 
powders exhibited faster dissolution than the nontreated drugs. Powders 
treated with 111 showed a smaller increase in dissolution than those 
treated with IV. The effect on the dissolution of the drugs tested increased 
with increasing amounts of IV from 2.5 to 5 m1/20 g. A further increase 
in the amount of the polymer solution to 10 m1/20 g produced a mild 
decrease in the dissolution. At 30 min, the average percent amounts of 
I1 dissolved were 29.8, 77.1,99.8, and 95.5 from untreated powder and 
powders treated with 2.5,5, and 10 ml of IV solution/20 g, respectively. 
Therefore, 5 ml of a 5% solution of IV/20 g of tolbutamide apparently is 
sufficient t o  achieve optimal hydrophilicity. 


On the other hand, in the presence of 111, the dissolution of I1 continued 
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Figure 8-Changes in blood glucose levels in rats after oral adminis- 
tration of untreated and treated acetohenamide. Key: 0, untreated; and 
0 and A, treated with 5% hydroxypropyl methylcellulose and meth- 
ylcellulose (2.5 m1/20 g),  respectiuely. 
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Table I-Uptake of Dissolution Fluid by Tolbutamide Disks 
Prepared Using Treated Drug 


Milliliters Disks Prepared from Disks Prepared from 
of Polymer Powder Treated with Powder Treated with 
Solution Methylcellulose H ydrox ypropyl 
per 20 g Volume Methylcellulose 


of Tolbu- Uptake, Volume Uptake, 
tamide m l x  CV,% ml x 10-2 cv, % 


2.5 7.5 1.25 5.5 1.32 
5 17.4 1.12 12.6 1.22 


10 42.5 1.23 26.8 1.31 


to increase with increasing polymer concentrations within the range 
tested. At  30 min, the average percent amounts of I1 dissolved were 29.8, 
72.3,95.2, and 99.5 from untreated powder and powders treated with 2.5, 
5, and 10 ml of a solution of IW20 g, respectively. The same findings were 
obtained with I. At 30 min, the average percent amounts of I dissolved 
were 22.5,51.5,76.3, and 96.1 from untreated powder and powders treated 
with 2.5,5, and 10 ml of a solution of IV/20 g, respectively. The corre- 
sponding average percent dissolved values observed with powders treated 
with 2.5,5, and 10 ml of a solution of 111 were 42.3, 70.2, and 95.3, re- 
spectively. 


Increased dissolution of I and I1 by 111 and IV was attributed to the 
increased hydrophilicity of the drug particles, in accordance with the 
observation of Lerk et al. (7). However, the increase in the dissolution 
of I and I1 produced by treatment with IV seemed to decrease slightly 
after a certain point. This result was not observed with I11 in the con- 
centration range studied and might be due to possible thermal gelation 
of IV at temperatures near 37O during dissolution (12). 


Figure 6 shows the uptake of dissolution fluid by treated and untreated 
tolbutamide. Table I lists the mean cumulative volumes of fluid taken 
up by the untreated disks along with the coefficient of variation. The 
mean coefficient of variation was 1.24 f 0.0725 (SD),  which indicates the 
excellent reproducibility and accuracy of the method. It is obvious that 
the extent of fluid uptake by the treated powders was greater than that 
of the untreated powder. Also, the fluid uptake by disks of I1 was in- 
creased proportionally by increasing the amount of polymer used. Disks 
treated with IV showed a higher fluid uptake than did those treated with 
111. The average cumulative volumes of fluid taken up by disks of I1 and 
those prepared from powders treated with 2.5,5, and 10 ml of a solution 
of IV/20 g were 0.9 X 9.1 X 17.5 X lo-*, and 37.5 X ml 
after 60 min. The corresponding average values obtained from disks 
treated with 2.5.5, and 10 ml of a solution of III/20 g were 6.5 X 10-2,14.2 
X ml. Therefore, it seems that the effects produced 
by I11 and IV on the dissolution of I and I1 clearly are correlated to the 
hydrophilic nature of the polymer, as measured by their water-absorbing 
ability. 


The mean blood glucose concentration of 24-hr fasted rats was 62.53 
mg/ml, and this amount was significantly higher than that of all of the 
treated groups ( p  < 0.02). Figure 7 shows the effect of I, untreated and 
treated with a 5% solution of I11 or IV (2.5 m1/20 g), on the bIood gIucose 
concentration of rats. The blood glucose concentration (milligrams per 
100 ml) observed at 2 hr in rats given I1 treated with 111 was 64.2 compared 
to 88.3% in rats given the untreated drug. The blood glucose concentration 
observed at  the same time in animals given I1 treated with IV was 74.5% 
compared to 52.3% in rats given the untreated drug. The reduction in the 
blood glucose level was greater with the treated drug than with the un- 
treated drug and seemed more pronounced when the drug was treated 
with IV. 


and 29.9 X 


The difference between the average blood glucose concentration ob- 
tained from rats given I treated with I11 or IV and that obtained from rats 
given untreated drug was significant ( p  < 0.05) a t  all time intervals. In- 
significant differences were calculated between the blood glucose con- 
centrations for animals given I1 treated with I11 or IV, except a t  1 and 2 
hr, where a significant difference (p < 0.05) was observed. Figure 8 shows 
the effect of treated and untreated powders of I on the blood glucose 
concentration of rats. The mean blood glucose concentration observed 
at 2 hr in rats given I treated with I11 and IV was 82.5% it was only 62.3% 
for animals given the untreated drug. Again, the differences were sig- 
nificant ( p  < 0.05) at all time intervals. The data show that I treated with 
IV exhibited a higher hypoglycemic effect than that treated with 111. No 
significant differences were observed between values of the blood glucose 
concentration for rats treated with 111 or IV, except after 1 and 2 hr, where 
significant differences (p < 0.05) were calculated. 


The increase in the dissolution of I and I1 after treatment with 111 and 
IV was reflected by increased drug absorption, as indicated by the greater 
reduction in glucose levels. Moreover, IV, which achieved higher hy- 
drophilicity, induced better drug absorption. 


Increasing hydrophilicity of the drugs by methylcellulose or hydrox- 
ypropyl methylcellulose seems better than coprecipitation with povidone 
or solid dispersion in polyethylene glycols. In the latter two techniques, 
the quantity of the polymer required to enhance the dissolution and 
bioavailability of tolbutamide was too high (about equal to the dose). By 
increasing the hydrophilicity, only a minute quantity of the polymer is 
required to enhance the dissolution and bioavailability of drugs. 


The method of increasing the dissolution characteristics of poorly 
soluble drugs by increasing the hydrophilicity using a highly hydrophilic 
polymer may be widely applicable to other drugs. 
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Eq. 1 employs urn. Table IV shows a strong intercorrelation between urn 
and up (arc co9 0.75 = 41’) (20). Similarly, in Eq. 8, urn replaces a, of Eq. 
4 in the treatment of electronic effects a t  position 6 (arc cos 0.84 = 33O). 
Another interesting fact derived from the correlation matrix is cohsid- 
erable autocorrelation of r, especially at position 2, with am and a,. A 
similar phenomenon was observed for some benzene derivatives (21). 


The pKa values of 33 disubstituted and trisubstituted purines were 
calculated from Eqs. 7 and 8 and compared with measured values re- 
ported in the literature (Table VI). The agreement between observed and 
predicted values is reasonable considering the variation in experimental 
methods. 


Studies are in progress on the correlation of the antitumor potency and 
toxicity of polysubstituted purines with the structural parameters de- 
scribed in this paper. 
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Abstract The effect of wall thickness on the release characteristics 
of clofibrate from microcapsules prepared in gelatin-sodium sulfate was 
investigated. The wall thickness, calculated by recovering the wall ma- 
terial from the microcapsules and using the relationship between two 
concentric spheres, was related to the surface area of the droplets being 
encapsulated. Thinner walled microcapsules gave faster release and 
showed greater deviation from zero-order kinetics but followed the square 
root of time plots. Microcapsules having thicker walls approximated 
zero-order release but deviated from the square root of time plots. A 


~ ~~~ 


theoretical model was developed to explain the release characteristics 
of the microcapsules. A linear correlation was found between the wall 
thickness and the in uitro t . 5 ~  release time. 


Keyphrases 0 Clofibrate-microcapsules, effect of wall thickness on 
release characteristics 0 Microcapsules-clofibrate, effect of wall 
thickness on release characteristics 0 Hypocholesterolemic agents- 
clofibrate, effect of microcapsule wall thickness on release characteris- 
tics 


A recent investigation (1) reported the microencapsu- 
lation of clofibrate USP, a liquid hypocholesterolemic 


agent. Prepared by simple coacervation in gelatin-sodium 
sulfate, the microcapsules were recovered as discrete 
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Figure 1-Model of a microcapsule based on the concept of two con- 
centric spheres. 


free-flowing particles and exhibited zero-order release at  
all hardening times studied. A linear correlation was found 
between the hardening time and the in uitro t50% release 
time of the microcapsules. The microcapsules could not 
be hardened for longer than 8 hr without rupture, resulting 
in significant loss of clofibrate. Microcapsules hardened 
for 8 hr extended the drug release to a maximum of -6 
hr. 


The effect of wall thickness on the release characteristics 
of clofibrate from the microcapsules is reported with a view 
to extending drug release from the microcapsules for longer 
periods. 


EXPERIMENTAL 


Materials-All materials were similar to those reported in the earlier 
investigation (1). 


Microencapsulation-The method used for the production of 
monodisperse spheres of clofibrate was similar to that reported previously 
( 1 ) .  The spheres were microencapsulated hy simple coacervation in gel- 
atin-sodium sulfate and recovered as discrete lree-flowing particles (1). 
To attain uniformity and reproducibility, all experiments were conducted 
under identical conditions. 


Dissolution-Dissolution was followed by examining triplicate sam- 
ples containing about 30 mg of drug using the modified flask method (1). 
Concentrations were determined spectrophotometrically a t  226 nm. 


Wall Thickness Determination-The wall material was recovered 
from the encapsulated particles by extracting clofibrate with 2-propanol 
( 2 , 3 ) .  The wall thickness of the microcapsules was then determined from 
the volume relationship of two concentric spheres (Fig. 1) as follows. 


When uniform, smooth, spherical particles are assumed, the average 
wall thickness is given by: 


wall thickness = R - r (Eq. 1) 


where R is the radius of the large sphere (microcapsule) and r is the radius 
of the small sphere (clofibrate droplet). If W is the weight of the micro- 
capsules, W,, is the weight of the wall material recovered, d,, is the density 
of the wall material, and d is the density of clofibrate, then: 


volume of n spherical clofihrate spheres = n - 7rr3 
4 
3 (Eq. 2) 


and the weight of n spherical spheres is: 


- 
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W - W,, *= n - 7rr"d 


Similarly: 
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volume of n microcapsules = n - 7rH3 (Eq. 4) 


From the relationship that the volume of n microcapsules equals the 
volume of n spheres and the volume of shell enclosing n spheres: 


I 1 I I 1 
0 20 40 60 80 100 


CLOFIBRATE, g/lW mi of gelatin solution 


60 1 '  
Figure 2-Encapsulation efficiency of clofibrate at constant droplet 
size. 


shell volume enclosing n spheres 


Therefore, the shell weight enclosing n clofibrate spheres is: 
4 
3 (Eq. 6) W ,  = n - 7r(R" - rt3)d,,, 


Dividing Eq. 6 by Eq. 3 gives: 
4 
3 


n - 7r(R" - ra)d,, 


n - ur"d 
(Eq. 7) 


W", - 
( W  - WW) - 4 


3 
which, upon rearranging, gives: 


I/:] 
Wwd + 11 - = [  R 


r ( W  - W d d ,  


(Eq. 8) 


(Eq. 9) 


Subtracting 1 from both sides gives: 


(Eq. 10) 
R - r  


Multiplying both sides by r gives the wall thickness: 


R - r = r I[ Wtud + - l} (Eq. 11) 
( W - Wu,)du, 
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RECIPROCAL OF SQUARE ROOT OF 
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Figure 3- Wall thickness as a function of the square root of the number 
of droplets. 
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Figure 4-Release of clofibrate from the microcapsules having wall 
thickness of 2.7 (O), 6.0 (O),  10.4 (A), 13.5 (A), and 16.9 (m) pm. 


RESULTS AND DISCUSSION 


Production of Monodisperse Spheres-One method commonly used 
for preparing droplets of a liquid is its emulsification in another liquid 
in which it is immiscible. Although simple in operation, this method 
generally produces a heterogeneous mixture of droplets that may exhibit 
a large size distribution. 


T o  maintain uniformity, the droplets being encapsulated must be 
monodisperse. The capillary method employed for generating clofibrate 
droplets produced essentially monodisperse spheres (1). 


Two methods were used to study the effect of wall thickness. In the first 
method, the diameter of the clofibrate spheres being encapsulated was 
varied while the volume of clofibrate was kept constant. In the second 
method, the diameter of the spheres was held constant but the quantity 
of clofibrate encapsulated was varied. 


Microencapsulation of Clofibrate Spheres-Encapsulation of all 
batches of clofibrate spheres was ascertained microscopically. The extent 
of clofibrate encapsulated was determined by briefly washing the dried 
microcapsules with 2-propanol. Unencapsulated clofibrate or partially 
encapsulated clofibrate spheres were dissolved by 2-propanol, leaving 
the encapsulated spheres intact. The percent of clofibrate encapsulated 
was then calculated from the original weight of clofibrate and the dried 
weight remaining following the brief 2-propanol wash. 


The encapsulation efficiency was a function of the surface area of the 
core material being encapsulated. For example, a t  constant droplet size, 
the encapsulation efficiency decreased as the volume of liquid increased 
(Fig. 2). At constant volume, the encapsulation efficiency decreased with 
decreasing droplet size. 


Wall Thickness Determination-The most direct method of de- 
termining the wall thickness of a microcapsule is by measurement using 
a microscope fitted with a micrometer after slicing the microcapsule with 
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Figure 5-Square root of the time plot of microcapsules havinga uiall 
thickness of 10.4 pm. 
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Figure 6- Wall thickness of microcapsules as a function of in vitro tm 
release time. 


a microtome. The accuracy of such lengthy and tedious determinations 
is highly dependent on the precision of obtaining a section through the 
exact center of the microcapsule (Fig. 1). Any deviation from this center 
may produce a larger section of wall than exists (4). Since the microtome 
sections obtained are frequently a t  distances from the center, these 
readings represent an average that may exaggerate the true value. The 
wall thickness determined microscopically represents an average of the 
many determinations representative of various sections. Therefore, the 
volume relationship of two concentric spheres used for the calculation 
of wall thickness gives a better description of the average wall thickness 
without being time consuming and tedious. 


The wall thickness of the microcapsules also was dependent on the 
surface area of the core material. At a constant volume of clofibrate, 
smaller diameter droplets gave thinner walls than those with larger di- 
ameter. Similarly, reducing the quantity of the core material while 
maintaining a constant sphere diameter gave thicker walls. Although the 
wall thickness decreased with increasing surface area of the encapsulated 
droplets, a linear relationship could not be established. However, the wall 
thickness was inversely related to the square root of the number of 
droplets present when either the droplet size or the volume of clofibrate 
encapsulated was varied (Fig. 3). This observation seems to confirm the 
hypothesis that, in a coacervation system where part of the total colloid 
present is used in coating the core material, the coating thickness is in- 
fluenced by the total number of particles present in the system (3). 


Dissolution-The release profiles of the drug from the microcapsules 
were different from those observed previously (1). Microcapsules with 
thinner walls did not follow zero-order kinetics; as the wall thickness 
increased, the tendency toward zero-order release also increased (Pig. 
4). 


Various release mechanisms were considered, but no single mechanism 
could explain all of the data completely. Other investigators (5) also re- 
ported difficulty in explaining the dissolution data by any one type of 
treatment. 


The square root of time plots characteristic of release through simple 
diffusion or through leaching by dissolution into the permeating fluid 
was linear, or nearly so, only for the thin-walled microcapsules. As the 
wall thickness was increased, the tendency toward linearity decreased. 
The release from the microcapsules having much thicker walls appeared 
to follow four stages (Fig. 5): (a) an initial large surge of release of drug, 
which was retained on or near the surface of the microcapsules; (b) slow 
release due to the lag time required for the dissolution medium to wet 
the microcapsules and to penetrate into the microcapsules; (c) relatively 
faster release for the major portion of the release profile, indicating a 
steady state; and ( d )  slow release toward the end, suggesting an insuffi- 
cient quantity of drug remaining in the microcapsules to sustain the re- 
quired concentration gradient. 
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The release of the drug from the microcapsules was related directly 
to the wall t.hickness (Fig. 6). Increasing the wall thickness retarded the 
release of the drug for longer than 12 hr from the unhardened micro- 
capsules. Since the drug release rate from the hardened microcapsules 
is substantially lower than from the unhardened microcapsules (I) ,  this 
procedure has potential for the development of a dosage form that may 
substantially reduce the frequency of administration, thus resulting in 
fewer missed doses. 
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Abstract 0 The synthesis of the diethyl analog of neostigmine, its pre- 
liminary pharmacology, and its use as an internal standard for the GLC 
assay of neostigmine are described. Both the diethyl analog and neo- 
stigmine undergo thermal demethylation in the injection port. The col- 
umn selected produced satisfactory resolution and short retention times 
lor neostigmine and the diethyl analog. The diethyl analog apparently 
possesses acetylcholinesterase-inhibiting properties, as evidenced by 
potentiation of the contractile response to acetylcholine on the ileum. 
In addition, acetylcholine levels in the brain were elevated slightly. Water 
solutions of the diethyl analog appeared to lose biological activity with 
time. The diethyl analog appears t o  be suitable for use as an internal 
standard for the GLC assay of neostigmine. 


Keyphrases 0 Neostigmine-acetylcholine analog, synthesis and pre- 
liminary pharmacology of neostigmine analogs, quantification by GLC 
using tlame-ionization detection GLC, flame ionization-analysis, 
neostigmine and analogs, synthesis, preliminary pharmacological studies 
in rats 0 Cholinergics-neostigmine and analogs, synthesis, pharmaco- 
logical activity evaluated in rat brain and smooth muscle, quantification 
by GLC 


Neostigmine, a quaternary ammonium compound, has 
been measured following isolation from biological fluids 
by many methods, including chemical modification of the 
molecule followed by polarography (I), photocolorimetry 
(2), or spectrophotometry (3, 4). Other quaternary am- 
monium compounds have been isolated from biological 
fluids using ion-pair extraction (5-7). Neostigmine also has 
been analyzed using counterion complexation followed by 
liquid scintillation spectrometry (8), GLC (9, lo), or 
GLC-mass spectrometry (11). 


Recent assays for neostigmine used pyridostigmine as 
an internal standard followed by thermal dimethylation 
in the injection port and GLC separation. Neostigmine and 
pyridostigmine are both employed clinically, and their 
combined therapy presents a problem with currently 
available assays. Since GLC is widely used with substantial 
economic advantages overGLC-mass spectrometry, it was 
necessary to synthesize an analog of neostigmine appli- 
cable to the assay of quaternary ammonium cholinesterase 
inhibitors. 


Since neostigmine possesses cholinomimetic properties, 
the structural similarity of the diethyl analog suggested 
that it may possess similar pharmacological actions. The 
present study reports the synthesis of the diethyl analog 
of neostigmine, its use as an internal standard in the 
quantification of neostigmine, and preliminary pharma- 
cological findings. 


EXPERIMENTAL 


Synthesis’ of Diethyl Amino and  Tert iary Analogs of Neostig- 
mine-The preparation of the diethyl analog of neostigmine required 
the synthesis of an intermediate, 3-[ [(diethylamino)carbonyl]oxy]- 
Nfl-dimethylaniline (I), which subsequently was converted to the diethyl 
analog, 34 [(diethylamino)carbonyl]oxy]-N,N,N-trimethylbenzenami- 
nium iodide (11). 


Synthesis ofl-Compound I was synthesized by a modified procedure 
of Yanagisawa (12). A solution of 3-dimethylaminophenol (10.0 g, 0.073 
mole) in anhydrous tetrahydrofuran (100 ml) was added dropwise with 
s t i r rhg to phosgene in 12.5% benzene (192 ml) in an ice bath. After 24 


II 


Iv 
~~ 


1 IR spectral data were determined on a Beckman Acculab 4 spectrophotometer 
using the potassium bromide technique. NMR spectra were determined on a Varian 
EM 360A hi h resolution spectrometer with tetramethylsilane as the internal 
reference. Me!& points were obtained using a Thomas-Hoover capillary apparatus 
and are uncorrected. TLC was performed using Eastman chromato am sheets, 
type 6060 (silica gel); the sheeta were developed in an iodine chamEr. Carbon, 
hydrogen, nitrogen, and iodide values were obtained from analyses performed by 
Atlantic Microlabs, Atlanta, Ga. 
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Abstract 0 The rectal absorption of theophylline in rats was facilitated 
by concurrent administration of salicylic acid or sodium salicylate. The 
absorption of theophylline depended on the simultaneous absorption 
of salicylate and increased with an increasing concentration of salicylate. 
Calcium and magnesium ions inhibited the effects of salicylate at pH 7.4 
but not at pH 4.5. Sodium lauryl sulfate caused lasting changes in rectal 
absorption, whereas the effects of salicylate on absorption were observed 
only when salicylate was present. Strong chelating agents, such as eth- 
ylenediaminetetraacetic acid and sodium citrate did not affect the ab- 
sorption of theophylline, except at very high concentrations (30%), where 
membrane damage was observed. Rectal drug absorption was not en- 
hanced by vasodilation or inflammation alone since sodium nicotinate 
and histamine did not facilitate the disappearance of theophylline from 
the perfusate. 


Keyphrases Theophylline-rectal absorption, effect of salicylate 
Absorption, rectal-theophylline, effects of salicylate 0 Salicylate- 
effect on rectal absorption of theophylline 


Although rectal administration of drugs is not particu- 
larly popular in the United States (-1% of all medications 
dispensed), it can overcome some problems associated with 
oral and parented administration. Such problems include 
drug inactivation in the upper GI tract or by the liver, 
medication of infants and debilitated patients, vomiting, 
and nausea. The factors that control the rate of absorption 
from the rectum are not fully understood. Rectal delivery 
also is hampered by poor and inconsistent absorption of 
many drugs. 


Some antibiotics and polypeptides that generally are not 
well absorbed from the rectum have been formulated as 
suppositories or rectal capsules, using various surfactants 
as adjuvants, to enhance rectal absorption (1). However, 
many surfactants appear to damage the rectal membrane, 
which may limit their use. The present report describes 
studies of salicylate as an adjuvant to enhance the rectal 
absorption of theophylline. A preliminary report of this 
study was published recently (2). 


EXPERIMENTAL 


Animals-Sprague-Dawley male rats, 275-300 g, were fasted for 16 
hr prior to the experiments. During the experiment, the rats were kept 
on a 38' surface and were anesthetized with pentobarbital (60 mg/kg). 
In Situ Perfusion of Rat Rectum-These experiments were carried 


out by a method similar to that reported by Crommelin et al. (3). The 
rectum was exposed by an abdominal incision, and a glass cannula was 
inserted in the distal direction and tied firmly to keep it in position. A 
second cannula was inserted through the anus 1 cm inside the rectum and 
secured by ligation. Thus, -2 cm of the rectum was exposed to the per- 
fusate. The perfusate (6 ml) was circulated at a rate of 2 ml/min at 38'. 
Phosphate buffer (0.067 M) was used as the perfusate, which was ad- 
justed, with sodium chloride to maintain an ionic strength of 0.75. 


In Vivo Absorption Studies-The rectum was exposed by an ab- 
dominal incision, a 0.3-ml sample of the drug solution was injected into 
a 2-cm section of the rectum, and the drug solution was maintained in 
that section by ligating the rectum with thread. After rectal adminis- 
tration, blood samples were collected as a function of time from a leg vein 
using a cannula. 


In another experiment, 0.3 ml of the drug solution was injected into 


Table I-Conditions for HPLC Assay a of Drug in the Blood and 
in the Perfusate 


Flow uv 
Rate, Detector 
ml/ Wavelength, 


Compound Mobile Phase min nm 


Salicylate 0.1 M acetate buffer 1.0 280 
(pH 4.5)-methanol(30:70) 


Theophylline Water-propanol(955) 1.5 280 


Histamine 0.1 M phosphate buffer (pH 1.0 254 
Nicotinic acid 0.1 M acetate buffer (pH 4.5) 1.0 284 


8.0)-methanol(6040) 


0 A 25-cm reversed-phase column was used. 


the rectum using a cannula, after which the anus was tied firmly to pre- 
vent leakage. After rectal administration, blood samples again were taken 
from a leg vein. 


Assay Methods-Theophylline, salicylate, nicotinate, and histamine 
were assayed by high-pressure liquid chromatography (HPLC) under 
the conditions shown in Table I. 
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Figure 1-Disappearance of theophylline from the perfusate at pH 7.4. 
Initial salicylate concentrations were 0 (O), 0.1 (@), 0.5 (A), and 1.0 
(0) 96. 
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Figure 2-Percent loss of salicylate or its acidic form (@) and theo- 
phylline (0 and A) after 1 hr from the perfusate. Initial concentrations 
were 0.5% sodium salicylate f@), 0.5% sodium salicylate and 200 pg 
of theophyllinelml (O), and 200 1i.g of theophyllinelml (A). (Repro- 
duced, with permission, from Ref. 2.) 


The drug and adjuvants in blood were extracted with ether at a pH of 
<2.0 after deproteinization with 3.0% trichloroacetic acid. Following 
centrifugation, the ether layer was evaporated and the sediment was 
dissolved in methanol. This methanolic sample containing the drug was 
assayed by HPLC. The perfusate samples were assayed directly by 
HPLC. 


The assay of ethylenediaminetetraacetic acid (I) and citrate was carried 
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Figure 3-Lineweaver-Burk plots for the disappearance of sodium 
salicylate a t  pH 6.8 (m), 7.4 (a), and 8.9 (0). 


out using the turbidimetric titration method of Ogino and Hayashi (4). 
Ten milliliters of the sample containing I or citrate was mixed with 10 
ml of O.l%sodium lauryl sulfate. The resulting solution was maintained 
at  37' with mild stirring by a magnetic stirrer and was titrated with a 
solution of calcium chloride (equivalent to 0.1% CaC03) until precipi- 
tation of calcium lauryl sulfate was observed. A 0.02 M ammonium 
chloride-ammonium hydroxide buffer solution (pH 10.0) was used as the 
diluent. 


RESULTS AND DISCUSSION 


Effects of Perfusate pH and Salicylate on Disappearance of 


Table 11-Rate Constants (k X 103, min-*) for the Disappearance of Sodium Salicylate from the Rat  Rectum as a Function of pH and 
Initial Salicylate Concentration 


Perfusate 
PH 


Initial Concentration of Sodium Salicylate in Perfusate 
0.1% 0.2% 0.5% 1.0% 2.0% 


4.5 - 8.2 f 1.85 8.0 f 1.81 7.6 f 1.58 - 
5.0 - 6.0 f 1.05 6.2 f 1.49 5.9 f 1.23 - 
6.0 - 2.6 f 0.25 2.1 f 0.19 2.3 f 0.32 - 
6.8 - 2.8 f 0.45 2.0 f 0.32 1.7 f 0.23 - 
7.4 7.1 f 0.56 5.5 f 0.48 3.8 f 0.26 3.1 f 0.14 1.9 f 0.24 


3.2 f 0.30 - 7.8 - 
8.9 - 6.9 f 0.92 4.5 f 0.13 3.9 f 0.05 - 5.2 f 0.64 4.1 f 0.32 


a Uncertainties are expressed as the standard deviation among runs (usually five or six animals). 


Table 111-Effects of Magnesium and Calcium Ions on the Disappearance Rate Constants (k X lo3, min-') of Sodium Salicylate from 
the Perfusate through the Rat  Rectum 


Additive 
Concentration, % 


Initial Concentration of Sodium Salicylate in Perfusate 
0.1% 0.2% 0.5% 1.0% 


Perfusate a t  pH 7.4 
None 7.1 f 0.6 5.5 f 0.5 3.8 f 0.3 3.1 f 0.1 
Magnesium chloride 0.5 4.0 f 0.2 3.2 f 0.2 2.6 f 0.6 2.4 f 0.2 
Magnesium chloride 1.0 
Calcium chloride 0.5 4.7 f 1.0 3.9 f 0.1 3.1 f 0.2 2.5 f 0.1 


None - 6.0 f 1.1 6.2 f 1.5 5.9 f 1.2 
Magnesium chloride 0.5 - 5.8 f 0.8 


2.5 f 0.1 - 3.4 f 0.3 2.9 f 0.2 


Perfusate a t  pH 5.0 


5.6 f 0.8 6.0 f 0.9 
Calcium chloride __ 0.5 - 6.1 f 0.6 5.6 f 1.0 5.5 f 1.2 


Table IV-Effect of Magnesium and Calcium Ions on the Disappearance (Percent Lost) of Theophylline * after 1 hr in the Presence 
of Varying Amounts of Sodium Salicylate 


Additive Initial Concentration of Sodium Salicylate in Perfusate 
Concentration, % 0% 0.1% 0.2% 0.5% 1.0% 2.0% 


None 4.7 f 0.2 18.3 f 2.1 26.7 f 1.9 29.2 f 2.0 27.7 f 4.4 48.1 f 5.7 
19.3 f 1.1 24.4 f 1.3 - Magnesium chloride 0.5 - 


Magnesium chloride 1.0 - 9.2 f 0.3 12.2 f 0.7 16.2 f 0.7 - - 
Calcium chloride 0.5 - 8.5 f 0.4 16.9 f 0.8 22.7 f 1.3 29.6 f 2.2 - 


9.5 f 0.3 14.9 f 0.4 


The initial theophylline concentration was 200 fig/ml at pH 7.4. 
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Figure 4-Effects o f  calcium and magnesium ions o n  the  Line-  
weaoer-Burk plots for the disappearance of sodium salicylute at p H  7.4. 
T h e  concentrations were 1.0% MgClz (O), 0.5% MgClz (o), and 0.5% 
CaClZ (A); t h e  control also is shown (0). 


Theophylline-The disappearance of theophylline from the perfusate 
in the rat rectum in the absence of adjuvants was very slow, and the total 
loss of theophylline was <lo% 60 min after the perfusion was begun at 


Table V-Absolute Bioavailability of Theophylline ( Fab) as a 
Function of the  Salicylate Concentration with and without 
Ligation 


Salicylate Percent Bioavailability 
Dose, mglkg With Ligation Without Ligation 


0 
1.0 
2.5 
3.75 
7.5 


18.2 f 4.3 (n  = 6) 
42.2 f 9.8 (n  = 6) 
59.3 f 10.7 ( R  = 6) 
56.8 f 6.7 (n  = 6) 
98.6 f 4.8 (n  = 8) 
97.5 f 9.2 (n  = 8) 


35.6 f 6.3 (n  = 4) 
37.1 f 5.8 (n = 4) 
60.7 f 8.2 (n  = 3) 
74.6 f 9.8 (n  = 5) 
96.2 f 6.6 (n  = 5) 


100.3 f 5.8 (n  = 5) 15 


pH 4.5-8.9. However, a significant loss of theophylline was observed in 
the presence of salicylate. Figure 1 shows the disappearance of the- 
ophylline from the perfusate as a function of the salicylate concentration 
and time at  pH 7.4. The higher the initial concentration of salicylate in 
the perfusate, the faster theophylline disappeared from the perfusate. 


The effect of salicylate on the percent loss of theophylline from the 
perfusate was greater a t  pH values above 7.4 and below 5.0 (Fig. 2). The 
high loss of theophylline was accompanied by a high loss of salicylate. 
This result suggests that the disappearance of theophylline depends on 
the simultaneous disappearance of salicylate from the perfusate. 


Disappearance of Salicylate from Perfusate-The disappearance 
of salicylate frqm the perfusate appears to be a first-order process. 
Hpwever, in the basic pH region, the first-order disappearance followed 
an initial lag time. As shown in Table 11, in the acidic region, the rate 
constant for the disappearance of salicylic acid did not depend on the 
initial concentration. However, in the basic region, the disappearance 
rate constant did depend on the initial concentration of salicylate. 


In the acidic region, the disappearance of salicylic acid from the per- 
fusate in the rectum may depend on the lipophilicity of salicylic acid, 
resulting in rapid distribution of salicylic acid to the rectal membrane. 
However, in the basic region, where the rate constant depended on the 
initial concentration, some type of saturable phenomenon may be involved. 


Lineweaver-Burk plots obtained from the data in Table I1 for the basic 
region are shown in Fig. 3. Under these conditions, the V,,, value did 
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Figure &-Concentration of theophylline, i n  micrograms per milliliter, 
in blood following intravenous administration of6 mg of theophyllinelkg 
(o), rectal administration of 0.3 ml of a solution containing 15 mg of 
theophyllinelkg with ligation (0) and without ligation (O), and rectal 
administration of 15 mg of theophylline and 15 mg o f  salicylatelkg 
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Table VI-Effect of Sodium Laurvl Sulfate on the DisaDDearance of TheoDhvlline from the Rat  Rectum after 1 hr  as a Function of DH 
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Sodium Lauryl Sulfate 
Concentration, o/o 


Percent of Theophylline Lost 
pH 4.5 pH 6.0 pH 7.4 pH 8.9 


~ ~ ~ ~ ~~~~~~~~~ 


0 9.8 f 0.4 5.2 f 0.3 4.7 f 0.2 4.0 f 0.1 
0.5 10.9 f 3.6 9.5 f 1.3 14.2 f 3.8 20.8 f 4.4 
2.0 12.8 f 2.4 13.1 f 1.5 24.7 f 3.7 35.1 f 3.4 


not change but the K ,  value depended on the pH of the perfusate. This 
finding suggests that the disappearance of the ionic form of salicylate 
depends on the affinity of salicylate for some feature of the rectal mem- 
brane. At  every pH value of the perfusate, the disappearance rate con- 
stant of salicylate was not affected by the presence of theophylline. This 
result indicates that the formation of a complex between salicylate and 
theophylline is not the primary factor facilitating the transport of the- 
ophylline in the presence of salicylate. 


Effect of Calcium and Magnesium Ions on Disappearance of 
Salicylate and Theophylline-Since salicylate interacts with calcium 
and magnesium ions, the effect of these cations on the disappearance rate 
constant of salicylate from the perfusate through the rat rectum was 
studied. Addition of calcium or magnesium ions to the perfusate at pH 
7.4 led to a decrease in the rate constant for salicylate disappearance 
(Table 111). However, a t  pH 5.0, addition of calcium or magnesium ions 
did not affect the disappearance rate constant of salicylic acid. 


This result probably means that the disappearance of salicylate in the 
perfusate at pH 5.0 primarily involves the nonionic form and that the 
disappearance process is different for the ionic and nonionic forms. 


Based on the Lineweaver-Burk plots of the effect of calcium or mag- 
nesium ions at pH 7.4, these ions did not affect V,, but led to an increase 
in K ,  (Fig. 4). This result suggests that calcium and magnesium ions 
competitively inhibit the binding of salicylate to some feature in the 
membrane. On the other hand, calcium and magnesium ions did not affect 
penetration of the nonionic form through the rectal membrane. 


Calcium and magnesium ions did not affect the disappearance of 
theophylline in the absence of salicylate. At  pH 7.4, the effect of salicylate 
on the disappearance of theophylline from the perfusate was suppressed 
by the presence of calcium or magnesium ions in the perfusate (Table IV). 
However, at pH 4.5, the effect of salicylate was not affected by calcium 
or magnesium ions. This observation indicates that the disappearance 
of theophylline probably is controlled by the disappearance of salicylate. 
A possible explanation is that the action of salicylate as an effective ad- 
juvant depends on the presence of salicylate in the rectal membrane. 


Appearance of Theophylline in Rat Blood after Rectal Admin- 
istration-The absorption of theophylline into the general circulation 
after rectal administration to rats was studied by measuring the blood 
levels of theophylline as a function of time. 


After the administration of 0.3 ml of pH 8.0 buffer containing 15 mg 
of salicylate and theophylline/kg into a 2-cm section of the rectum, the 
blood levels of theophylline and salicylate increased rapidly and reached 
maximum levels at 30 min (Fig. 5). The absorption of theophylline and 
salicylate occurred simultaneously. 


The absolute bioavailability, Fab, after rectal administration was cal- 
culated using the [AUC]," values corrected for intraindividual variation 
in the elimination rate as follows: 


(Eq. 1)  


where ke,reetel and ke,jv are the elimination rate constants after rectal 
administration and intravenous injection, respectively. The elimination 
rate constants were determined by a linear regression analysis of the log 
concentration uersus time data. 


Absolute bioavailability of theophylline after rectal administration 
is shown in Table V and Figs. 5 and 6. Absolute bioavailability and blood 
levels of theophylline in solution without salicylate after rectal admin- 


Table VII-Disappearance of Theophylline (Percent Lost) in the 
Presence of Citrate and Ethylenediaminetetraacetic Acid af ter  
I hr of Perfusion 


Chelating Agent pH 7.4 pH 8.0 


Citrate, 15% 8.1 f 0.8 9.7 f 1.2 
Citrate, 30% 20.3 f 5.2 23.2 f 4.6 
EDTA", 15% 10.4 f 3.8 8.5 f 4.3 
EDTA. 30% 24.8 f 2.8 28.7 f 4.6 


a Ethylenediaminetetraacetic acid. 


istration were -20% with ligation and -35% without ligation. Bioavail- 
ability and blood levels of theophylline without ligation were higher than 
with ligation. This result suggests that the effective area of the rectum 
available for drug absorption without ligation was larger than with liga- 
tion. 


For drug solutions containing >7.5 mg of salicylate/kg, absolute 
bioavailabilities were 100% under both conditions. However, the bio- 
availability of theophylline after administration of drug solutions con- 
taining 3.75 mg of salicylate/kg was 55% with ligation and 75% without 
ligation. Bioavailability after giving drug solutions containing 1.0 mg of 
salicyIate/kg was not significantly different with or without ligation of 
the rectum, in spite of the increase in bioavailability found in the absence 
of salicylate without ligation. This result may indicate that the effect of 
salicylate in promoting drug absorption through the rectum depends on 
the amount of salicylate in a limited area of the rectum. 


Comparison of a Surfactant and Salicylate-To examine further 
the mechanism of rectal absorption, the relative effects of a surfactant 
and salicylate were studied using sodium lauryl sulfate as a surfactant. 
The disappearance of theophylline from the perfusate was facilitated by 
the presence of sodium lauryl sulfate in the perfusate (Table VI). How- 
ever, as shown in Fig. 7, the presence of sodium lauryl sulfate resulted 
in a lasting effect, whereas the promotive effect of salicylate did not reflect 
a permanent change in the rectal membrane. The effect of salicylate was 
eliminated by washing the rectum with buffer for 5 min after pretreat- 
ment with salicylate whereas the effect of pretreatment with sodium 
lauryl sulfate was not eliminated by washing. This result probably indi- 
cates that the action of salicylate does not involve a lasting change in the 
membrane, whereas lauryl sulfate appears to damage the membrane. 


Comparison of Strong Chelating Agents with Salicylate-Sali- 
cylate is known to interact with calcium and magnesium ions. Therefore, 
the action of salicylate was compared with that of ethylenediamine- 
tetraacetic acid (I) and sodium citrate. As shown in Table VII, a 15% 
concentration of I or citrate did not affect the disappearance of theo- 
phylline from the perfusate. However, with very high concentrations 
(30%) of I or citrate in the perfusate, disappearance of theophylline from 
the perfusate was facilitated, but, contrary to the situation with salicylate, 
the perfusate developed a red color. Apparently, I and citrate produced 
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Figure 7-Concentration of theophylline, in micrograms per milliliter, 
found in the perfusate after pretreatment of the rectum with salicylate 
(0) or with sodium lauryl sulfate (0). The control (A) involved no 
pretreatment. 
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Table VIII-Effects of Nicotinic Acid and Histamine on the Disapnearance of Theophylline from the Rat Rectum after 1 h r  of 
Perfusion 


Percent Lost 
Substance pH 4.5 pH 6.0 pH 6.8 pH 7.4 pH 8.9 


Theophylline only 7.8 f 1.5 5.2 i 0.3 - 4.7 f 0.2 4.0 f 0.2 
Nicotinic acid only 49.4 i 1.3 - 4.6 f 0.4 8.2 f 3.2 5.5 f 0.7 
Theophylline in presence of 1% nicotinic acid 9.8 f 2.8 - 5.9 f 3.7 5.1 f 0.9 6.1 f 5.5 


12.2 i 5.6 Theophylline in presence of 1% histamine 9.1 f 4.7 9.1 f 3.9 - 10.2 f 3.7 


bleeding from the rectum, probably as a result of damage to the rectal 
membrane, and, thus, promoted the disappearance of theophylline from 
the perfusate. 


Citrate and I do not appear to be absorbed from the rectum since the 
remaining chelating activity in the perfusate, measured according to the 
method of Ogino and Hayashi (4), was significant. This finding suggests 
that compounds that are not absorbed well themselves are not suitable 
adjuvants for rectal drug absorption. 


Comparison of Sodium Nicotinate and Histamine with Salicy- 
late-Another possible mechanism involves the effect of vasodilation 
and inflammation on the disappearance of theophylline from the per- 
fusate. In this regard, the effects of nicotinate and histamine on the dis- 
appearance of theophylline were studied. 


Neither histamine nor nicotinic acid significantly facilitated the dis- 
appearance of theophylline (Table VIII). At  pH 4.5, the disappearance 
of theophylline from the perfusate was not facilitated by nicotinic acid, 
although nicotinate was lost from the perfusate. The action of salicylate 
as an adjuvant probably does not depend on vasodilation or an inflam- 
matory action. 


Mechanistically, the enhancement of rectal absorption of theophylline 
by salicylate still is unclear. The nonionic and ionic forms of salicylate 


apparently have different paths through the membrane. It is possible that 
salicylate reduces the lipophilicity or increases the permeability of the 
membrane, perhaps by interacting with some substance in the membrane, 
e.g., calcium or magnesium ions, which may be present as structural 
features, and thus concurrently allows theophylline to pass through the 
rectal membrane. 
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Abstract 0 Methazolamide was determined in plasma, whole blood, and 
urine by a GLC-mass spectrometric method. Temporal patterns of 
methazolamide concentrations in plasma and red blood cells were ob- 
tained following single- and multiple-dose oral administration of the drug. 
The nonlinearity in the binding of the drug to the red blood cell carbonic 
anhydrase was evident from a comparison of plasma and red blood cell 
concentrations. The drug was cleared slowly from the red blood cells. The 
binding constants to the two isoenzymes of carbonic anhydrase were 
determined from the plasma and red blood cell concentrations and were 
in agreement with those determined by previous measurements. The 
half-life of elimination was 7.5 hr. The urinary recovery of unchanged 
drug was -25% of the administered dose. 


Keyphrases Methazolamide-time course and disposition in human 
plasma and red blood cells o GLC-mass spectrometry-analysis, 
methazolamide, human plasma and red blood cells 0 Distribution- 
methazolamide, time course and disposition in human plasma and red 
blood cells 


Methazolamide (5-acetylimino-4-methyl-A2-1,3,4-thi- 
adiazoline-2-sulfonamide) is a carbonic anhydrase inhib- 
itor used in the treatment of glaucoma. It is the methylated 
analog of the tautomer of acetazolamide. Both drugs re- 
duce the transport of ions from the secretory cells of the 
ciliary body into the nascent aqueous humor and decrease 
aqueous secretion through a local osmotic effect (1). In 


particular, inhibition of the carbonic anhydrase in the 
secretory cells of dogs reduces the bicarbonate flux (2) and 
sodium-ion flux (3) into the posterior chamber of the 
eye. 


The dynamics and distribution of drug following dif- 
ferent patterns and routes of administration have been 
studied much more extensively for acetazolamide than for 
methazolamide. All work to date on the determination of 
methazolamide in biological fluids and tissues has em- 
ployed the indirect enzymatic method developed by Maren 
and coworkers (4,5). This method is based on two facts: 
( a )  the rate of hydration of carbon dioxide catalyzed by 
carbonic anhydrase is reduced by an inhibitor present in 
a biological fluid; and ( b )  the rate of hydration or, equally, 
the rate of formation of carbonic acid or protons directly 
affects the time interval required to cause a given change 
in pH. Although methazolamide is metabolized signifi- 
cantly (only 25% is recovered as unchanged drug in the 
urine) in contrast to acetazolamide, which is not metabo- 
lized, the metabolites appear either to be very weak in- 
hibitors of carbonic anhydrase or to lack inhibitory po- 
tential (6). 


Plasma and red blood cell concentrations and the uri- 
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Morgan F test result in a study would be declared significant at  the 
unilateral probability level of 0.01, if the study used 18 subjects, and if 
the power of detection of a difference in test and reference product 
standard deviations were set at 0.80, then the statistically detectable ratio 
would be (by rough extrapolation of the data in Ref. 9) >2 or 3. In other 
words, a test product standard deviation that is truly more than double 
or triple that of the reference product is likely to be detected in a study 
under these conditions. Any increase in sample size to improve the de- 
tection of differences in the standard deviations is believed to be un- 
warranted since, in view of other sources of inherent variation known in 
posology but not considered further here and in view of the desirability 
of minimizing the use of human subjects in bioequivalency studies, the 
power seems ample. 


APPENDIX 


It was assumed that the test product values and the reference product 
values followed a bivariate normal distribution with both means equal 
to 100, with certain chosen standard deviations and with correlation 
coefficients (Table I) modified to allow for the intrasubject variability 
which, among other things, reduces the estimated value of p (10). 


The assumption that all actual bioequivalency data follow the bivariate 
normal distribution may be questioned; therefore, i t  is noted that very 
large intersubject coefficients of variation for AUC, e.g., 150%, are 
symptomatic of drug products with either a very skewed distribution or 
some outliers. In such cases, the mean and standard deviation are not 
sufficient to describe the bivariate nonnormal distribution. However, if 
differences in only means are tested, the analysis of variance has been 
found to be a very robust procedure that is practically undisturbed by 
such things. Remedies after the fact include transformation of the data 
(e.g., logarithmic) or identification of assignable causes for outliers; 
remedies a priori consist of controlling factors that have been found to 
cause aberrant results for the particular drug. In cases where the log 
transformation is used, the 75/75 rule also must be transformed. The 
performance of that transformed rule would be investigated differently 
than here, but intuitively the deficiencies of the rule would be substan- 


tially the same. The findings in the present study are appropriate for 
bioavailability parameters that are normally distributed. 


The Monte Carlo simulation proceeded according to a FORTRAN 
program2, which used a multivariate normal random deviate generator 
subroutine, GGNRM3, and a local subroutine, CALC, which applied the 
75/75 rule to each of the 1000 studies in turn. The main program then 
tallied up the number of studies that “passed.” One run was made to  
obtain each cell in Tables I and 11. The Pitman-Morgan F (9) was cal- 
culated for the identical sets of data. 


REFERENCES 


(1) Fed. Regist., 43,6968 (1978). 
(2) Ibid., 45, 11853 (1980). 
(3) Ibid., 45,48160 (1980). 
( 4 )  Ibid., 45,56832 (1980). 
(5) Ibid., 45,72200 (1980). 
(6) “The United States Pharmacopeia,” 20th rev., United States 


Pharmacopeial Convention, Rockville, Md., 1980, p. 955. 
(7) G. Marsaglia, J.  Am. Stat.  Assoc., 60,193 (1965). 
(8) M. G. Kendall and A. Stewart, “The Advanced Theory of Sta- 


tistics,” 3rd ed., vol. 2, Hafner, New York, N.Y., 1973, p. 531. 
(9) W. A. Morgan, Biometrika, 31,13 (1939). E. J. G. Pitman, ibid., 


31,9 (1939). 
(10) K. A. Brownlee, “Statistical Theory and Methodology in Science 


and Engineering,” 1st ed., Wiley, New York, N.Y., 1960, p. 366. 


ACKNOWLEDGMENTS 


The author thanks R. Ganesan, S. Heft, R. Kohberger, J. Johnson, A. 
Weiss, and N. Bauman for helpful comments and Dr. Daniel Weiner for 
helpful comments and discussion. He also thanks T. Hoffman for the 
application of Marsaglia’s work which provided a different viewpoint. 


Available from the author. 
International Mathematical and Statistical Libraries, Houston, Tex. 


Assignment of Conformation and Configuration to 
Potassium Permanganate Oxidation Products of Quinidine 


YEHUDA YANUKA, SHIMONA YOSSELSON-SUPERSTINE *, 
ARTOUL GERYES, and EDWARD SUPERSTINE *x 


Received August 8,1980, from the Department of Pharmacy, School of Pharmacy, Faculty of Medicine, Hebrew Uniuersity-Hadassah Medical 
Center, Jerusalem, Israel. Accepted for publication December 2, 1980. 
Lake City, UT 84112. 


*Present address: College of Pharmacy, University of Utah, Salt 


Abstract 0 Two epimeric aldehydes [ (R)-  and (S)-quinidinals] and the 
corresponding acids [ (R)-  and (S)-norhydroquinidinoic acids] were 
prepared by the oxidation of quinidine. The T--S interactions of the 
carbonyl group and the aromatic moiety, as reflected in the NMR spectra, 
were compared with those of quinidine. NMR spectroscopic analyses 
made it possible to assign both the stable conformation and their con- 
figuration at  C-3 to these molecules. The free hydroxyl group at  C-9 must 
be present for the chemical shift values to be concentration dependent. 


These findings provide more information on association in the parent 
molecules. 


Keyphrases Quinidine-oxidation products prepared, conformation 
and configuration assigned, NMR analyses 0 Oxidation products- 
quinidine, conformation and configuration assigned to oxidation prod- 
ucts, NMR analyses NMR spectroscopy-analyses, quinidine and 
oxidation products, conformation and configuration assigned 


Previous work showed that the NMR spectra of quini- 
dine (I) and hydroquinidine (1) differ significantly. The 
unique features encountered in the I molecule were at- 
tributed to T-T interactions. If changes in these T-T in- 
teractions are reflected in the NMR spectra of new com- 
pounds compared to the parent substances, it must be 
determined whether there is any correlation between the 
NMR data obtained and the biological activity of the 
compound. The antiarrhythmic activity of I and quinine 


differ greatly because of differences in configuration at C-8 
and C-9. Comparison of the NMR data of I and quinine 
may provide information on the origin of these differences. 
Intraatomic distances in the molecules play an important 
role in their respective biological activities. NMR analyses 
may be valuable in assessing such differences and thus 
evaluating their possible therapeutic potential. 


NMR analysis was used in the present work to measure 
the extent of T-T interaction by changing the intensity of 
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the K system in the side chain at C-3. For this purpose, 
quinidinall (111, a C-10 aldehydic derivative of I) and the 
corresponding acid norhydroquinidinoic acid (quitenidene, 
IV) were prepared by potassium permanganate oxidation 
of the vinylic group of I. Although preparation of I11 from 
I by the ozonization route was reported previously (2), the 
alternative method utilizing potassium permanganate was 
selected. With the latter method, it was possible to obtain 
the diol (11), the epimeric aldehydes ( R ) -  and (S)-111, the 
corresponding acid (IV), and a fragmentation product (V) 
in one step (Scheme I). NMR analyses and TLC of the 
isolated products made it possible to study the charac- 
teristics and nature of the new compounds and the details 
of the experimental conditions. 


EXPERIMENTAL 


NMR spectra were obtained at  300 MHz using an analytical NMR 
spectrometer2 equipped with an automatic recorder. Tetramethylsilane 
in deuterochloroform was the internal standard. IR spectra were mea- 


l The authors suggest the name norhydroquinidinal (111) instead of quini- 
dinal. 


Bruker W. H. 300. 


Table I-Chemical Shift Values a of the Protons of (R)-I11 and 
(S)-I11 in 1:l Ratio at Various Concentrations (Milligrams per 
0.5 ml) and of Pure  ( R b I I I  


Concentration of (R)-I11 and (S)-I11 
Proton 8 mg 15 mg 23 mg (R)-111 


0 


C-H 
H-2' 


II 


H-8' 


H-3' 


H-7' 
H-5' 


H-C-9-OH 


CH30 


9.87 (s) 
9.78 (s) 


8.66 (t) 
( J  = 4 Hz) 
7.97 (d) 
( J  = 9 Hz) 
7.54 (d) 
( J  = 4 Hz) 
7.47 (d) 
( J  = 4 Hz) 


7.18 (s) 
7.13 (d) 
( J  = 2 Hz) 
5.75 (s) 
5.62 (d) 
( J  = 4 Hz) 
3.91 (s) 
3.85 (5) 


b - 


9.86 (9) 
9.78 (s) 


8.63 (t) 
( J  = 4 Hz) 
7.95 (d) 
( J  = 9 Hz) 
7.53 (d) 
( J  = 4 Hz) 
7.47 (d) 
( J  = 4 Hz) 


7.18 (9) 
7.13 (d) 
( J  = 2 Hz) 
5.72 (s) 
5.59 (d) 
( J  = 5 Hz) 
3.90 (s) 
3.84 (s) 


- b  


9.85 (9) 
9.76 (s) 


8.58 (t) 
( J  = 4 Hz) 
7.93 (d) 
( J  = 9 Hz) 
7.49 (d) 
( J  = 4 Hz) 
7.43 (d) 
( J  = 4 Hz) 


- b  


7.15 (d) 
( J  = 2 Hz) 


5.72 (s) 
5.59 (d) 
( J  = 5 Hz) 
3.90 (s) 
3.84 (s) 


9.83 (s) 


8.58 (d) 
( J  = 4 Hz) 
7:98 (d)- ' 
( J  = 9 Hz) 
7.44 (d) 
( J  = 4 Hz) 


5.59 (d) 
( J  = 4Hz) 


3.92 (s) 


In parts per million. Increasing overlap with the hydrogen of chloroform with 
concentration. 


sured in potassium bromide disks on a grating IR spectroph~tometer~. 
Mass spectra were recorded on a mass spectrometer4 provided with an 
electric-impact and field-desorption ion source. Pure I was obtained from 
commercial quinidine sulfate USP5. TLC and preparative TLC were 
carried out on aluminum oxide GF 2546 plates. 


Oxidation of I by Potassium Permanganate and Dilute Sulfuric 
Acid-Quinidine (I) (1 g), as the sulfate salt, was dissolved in 20 ml of 
dilute sulfuric acid (2 N ) ,  and twoequivalents of potassium permanganate 
(0.95 g) in aqueous solution was added. The reaction mixture was stirred 
for 2 hr a t  room temperature. Sodium bisulfite in a 10% aqueous solution 
was added dropwise until the precipitated manganese dioxide was dis- 
solved. TLC revealed a mixture of polar and nonpolar products. Sepa- 
ration of these products was accomplished by extraction and chroma- 
tography. 


Isolation of I1 and 111-The clear solution obtained after the addition 
of sodium bisulfite was transferred to a separator and made alkaline by 
the addition of sodium carbonate. The mixture was extracted completely 
with chloroform containing 10% methanol. After evaporation of the sol- 
vents, TLC revealed the presence of hydroquinidine, a small amount of 
unchanged I, and two new compounds, a diol(I1) appearing as two iso- 
mers and the aldehyde (111). 


The mixture was chromatographed on aluminum oxide plates. The 
fluorescing material was viewed under UV light and divided into three 
fractions. The upper strip was scraped and dispersed in 20 ml of 0.1 N 
HzS04. Sodium bicarbonate (240 mg) was added, the mixture was 
transferred to a separator, and I and hydroquinidine were extracted with 
chloroform. The middle strip containing I11 was treated in the same 
manner but was extracted with chloroform containing 10% methanol. Its 
melting point was nonspecific; Rf 0.20 (ethyl acetate-ethanol, 9:l); IR: 
1720 (CO) cm-l; mass spectrum: m/z 326. The chemical shifts of 111, 
which consisted of two epimers (R)-I11 and (S)-I11 at various concen- 
trations, are summarized in Table I. 


The lower strip, containing a 1:1 mixture of the diastereomeric diols 
(II), was scraped; the powder obtained was extracted directly with 
chloroform containing 20% methanol. The two diastereomers were sep- 
arated by repeated preparative TLC on aluminum oxide plates. The more 
polar diol, Rf 0.13 (ethanol), yielded crystals from acetone and was 
sparingly soluble in chloroform. When attempting to determine its 
melting point, the crystals began to discolor a t  -200°, becoming brown 
(similar to the caramelization of sugar) and forming a solid lump, which 
eventually liquified at  225-227'. The less polar diol, Rf 0.36 (ethanol), 
was much more soluble in acetone and chloroform and could not be in- 
duced to crystallize. Upon the addition of ether to an acetone solution 
of the less polar diol, an amorphous material settled out. The melting 
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Table 11-Chemical Shift Values a of the Protons of VII at Two 
Different Concentrations (Milligrams per 0.5 ml) 


Proton 


H-3' 


H-5' 


H-8' 


H-2' 


H-7' 


CH3O-(-6' 


Concentration of VII 
11 mg 7 mg. - 


8.87 (d) 8.86 (d) 
( J  = 4 Hz) 
8.25 (d) 8.25 (d) 
( J  = 3 Hz) 
8.08 (d) 8.08 (d) 
( J  = 9 Hz) 
7.94 (d) 7.94 (d) 
( J  = 4 Hz) 


( J ,  = 3 Hz) 


4.04 (s) 4.04 (s) 


( J  = 4 Hz) 


( J  = 3 Hz) 


( J  = 9 Hz) 


( J  = 4 Hz) 


( J ,  = 3 Hz) 
7.44 (9) 7.44 (4) 


(Jo = 10 Hz) (Jo = 10 Hz) 


0 
/I 


CHzO -C 3.98 (s) 3.99 (9) 


In parts per million. 


point of this amorphous material was nonspecific; a t  -200°, it became 
brown and finally turned into a viscous liquid. 


Isolation of VI and VII-The alkaline solution was made acidic by 
the addition of acetic acid. The mixture was extracted with chloro- 
form-isopropyl alcohol (3:l). After evaporation of the solvents, the res- 
idue was treated with diazomethane, and the methyl esters of IV and V 
(VI and VII, respectively) were separated by preparative TLC. The 
mixture was chromatographed on aluminum oxide plates. The fluorescing 
material was viewed under UV light and divided into two fractions. The 
upper strip was scraped, and the powder obtained was extracted directly 
with chloroform containing 10% methanol. It contained the methyl ester 
of quininic acid (VII), Rf 0.80 (ethyl acetate), mp 80-81'; IR: 1715 (CO) 
cm-'. Table I1 lists the NMR data. 


The lower strip was treated as was the upper strip and was found to 
contain the methyl ester of norhydroquinidinoic acid (VI), Rj 0.14 (ethyl 
acetate) and Rj 0.70 (ethyl acetate-ethanol, 1:l). Recrystallization from 
methanol gave crystals, mp 140-141'. However, there was a softening 
of the material at 137', suggesting that VI consisted of two diastereomers, 
(R)-VI and (S)-VI. The IR spectrum showed 1725 (CO) cm-1 with a 
shoulder at 1740 (CO) cm-', implying the existence of another diaste- 
reomer. The chemical shifts a t  various concentrations are summarized 
in Table 111. 


Methyl Ester of 9-Acetyl Norhydroquinidinoic Acid (VII1)-Pure 
VI (60 mg) was dissolved in 1 ml of pyridine and 1 ml of acetic anhydride, 
and this mixture was allowed to stand overnight for -24 hr at room 
temperature. The solvents were removed with an air stream, and the solid 
residue was dissolved in 30 ml of chloroform. The chloroform solution 
was transferred to a separator, washed with 20 ml of water, and filtered 
without delay through anhydrous sodium sulfate since the acetylated 
product was prone to hydrolysis, Rj 0.5 (ethyl acetate); I R  1726,1736, 
and 1746 (CO) cm-'. The NMR data are included in Table 111. 


Oxidation of I by Potassium Permanganate under Basic Condi- 
tions-Five grams of I was dissolved in 30 ml of tetrahydrofuran. To this 
solution was added 40 ml of aqueous 1 N KOH followed by two equiva- 
lents of potassium permanganate (4.75 g) in aqueous solution. The re- 
action mixture was stirred magnetically for 7 days at  room temperature 
and then was transferred in its entirety to a separator and extracted with 
chloroform containing 20% methanol until complete extraction was 
achieved. Upon removal of the solvents, a substance was readily crys- 
tallized. It proved to be a mixture of two diastereoisomers (II), which were 
identical to those obtained by oxidation of I under acidic conditions. 


Oxidation of 11 by Sodium Periodate-Method A: Dilute Aqueous 
Strong Acid-One gram of I1 was dissolved in 20 ml of 1 N H2.504. A 
10.7% aqueous sodium periodate solution (6.5 ml) was added to the acidic 
solution of 11, and this mixture was stirred at room temperature overnight. 
The solution was then transferred to a separator, made alkaline with 
sodium carbonate, and extracted thoroughly with chloroform containing 
20% methanol. After evaporation of the solvents, an amorphous material 
was obtained that would not crystallize. This material was identical in 
all respects to the amorphous mixture of (R)-111 and (S)-111 obtained 
under acidic conditions. 


Method B: Dilute Aqueous Weak Acid-One gram of I1 was dissolved 
in 1 ml of acetic acid and diluted with 20 ml of water. The sodium per- 
iodate was added, and the reaction mixture was stirred overnight. Once 
again the solution was made alkaline and extracted as for Method A. After 
evaporation of the solvents, a crystalline material was obtained and re- 


crystallized from acetone, mp 205O, Rf 0.20 (ethyl acetate-ethanol, 9:l). 
NMR analysis revealed only the natural epimer (R)-111 (Table I). 


Epimerization of (R)-111-Attempts to purify (R1-111 by chroma- 
tography on aluminum oxide plates brought about complete epimeriza- 
tion, and NMR analysis showed that the final product contained a 1:1 
mixture of (R)-111 and (S)-III. On the other hand, NMR analysis of a 
freshly prepared sample of pure (R)-111 in deuterated chloroform showed 
only pure (R)-111. After 24 hr, the same sample showed small amounts 
of the epimeric aldehyde (S)-IIk after a 7-day standing period, the sample 
showed equal amounts of (R1-111 and (S)-111. 


RESULTS AND DISCUSSION 


Assignment of Conformation and Configuration to Oxidation 
Products of I-The data summarized in Table I show clearly that the 
chemical shift values of (R)-I11 and @)-I11 in a mixture depend not only 
on the concentration of the mixture but also on the relative amounts of 
these epimers in the mixture. Therefore, to assign the configuration at 
C-3 in these molecules, NMR analysis was carried out on a mixture 
containing (R)-I11 and (S)-I11 in a 2:l ratio. 


NMR Analysis of (R)-iII-The aldehydic proton resonated as a singlet 
at 6 9.85 ppm. The H-2' proton appeared as a broad singlet at 6 8.54 ppm, 
H-3'appeared as a doublet a t  6 7.45 ppm ( J  = 4 Hz), and H-8'appeared 
as a doublet at 6 7.90 ppm ( J  = 9 Hz). The H-5' and H-7' protons reson- 
ated between 6 7.28 and 7.25 ppm. The H-C-9-OH proton appeared as 
a doublet a t  6 5.60 ppm ( J  = 3.0 Hz). The methoxy protons absorbed at 
6 3.87 ppm. 


NMR Analysis of fS)-III-The aldehydic proton resonated as a singlet 
a t  6 9.76 ppm, at  a higher field compared to the crystalline aldehyde. The 
H-2' proton appeared as a broad singlet a t  6 8.54 ppm. The H-3' proton 
resonated at  6 7.50 ppm ( J  = 4 Hz), at a lower field compared to the 
crystalline aldehyde; H-8' appeared at 6 7.90 ppm ( J  = 10 Hz), the same 
as in the crystalline aldehyde. Both H-5' and H-7' appeared separately; 
the former proton shifted to a higher field a t  6 7.11 ppm and the latter 
proton absorbed at  almost the same frequency compared to (R)-111. The 
proton alpha to the hydroxyl group at  C-9 (H-C-%OH) appeared as a 
slightly broadened singlet at 6 5.71 ppm, at a lower field than (R)-111. The 
peak of the methoxy protons appeared at  6 3.81 ppm, at a slightly higher 
field than (R)-111. 


While some protons were less shielded in (R)-111 compared to those 
of (S)-111, other protons in (R)-111 experienced more shielding than the 
same protons of (S)-111. In addition, the aldehydic protons in both ep- 
imers appeared as singlets while the coupling constants between the al- 
dehydic proton and the proton alpha to the carbonyl group generally 
ranged between 1 and 3 Hz and in some cases reached a value of 6 Hz (3, 
4). This finding indicates that a single rotamer prevails in the aldehydic 
groups with a dihedral angle of -90' between the aldehydic proton and 
the proton alpha to the carbonyl group at  C-3. 


In a previous work based on NMR analyses ( l ) ,  we assumed a stable 


Table 111-Chemical Shift Values a of the Protons of VI a t  
Various Concentrations (Milligrams Der 0.5 ml) and of VIII 


Concentration of VI VIII, 
Proton 14 mg 36 mg 50 mg 10 and 35 mg 


H-2' 8.67 (d) 8.56 (d) 


H-3' 7.51 (d) 7.46 (d) 


H-8' 8.00 (d) 7.94 (d) 


( J  = 4 Hz) 


( J  = 4 Hz) 


( J  = 9 Hz) 


(J = 4 Hz) 


( J  = 4 Hz) 


( J  = 9 Hz) 


H-C-9-OCH3 - - 


H-C-%OH 5.62 (d) 5.55 (d) 
( J  = 5 Hz) ( J  = 5 Hz) 


CH30-C-6' 3.92 (s) 3.85 (s) 
0 


8.51 (d) 8.72 (d) 
( J  = 4 Hz) ( J  = 4 Hz) 
7.44 (d) 7.34 (d) 
( J  = 4 Hz) ( J  = 4 Hz) 
7.87 (d) 8.01 (d)b 
( J  = 9 Hz) ( J  = 9 Hz) 


7.96 (dP 
( J  = 9 Hz) 


( J  = 4 Hz) 


4.00 (6) 


3.88 (sic 


- 6.61 (d) 


5.56 (d) - 
( J  = 5 Hz) 


3.82 (s) 


3.77 ( s )  II 
CH3O-C-10 3.75 (8) 3.72 (8) 3.70 (9) 


0 


- 2.14 (s) - - II 
CHJ-C-O-C-9 


2.01 ( S ) C  


In parts per million. * (R)-VIII. c (S)-VIII 
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Table IV-Chemical Shif t  Values a of the Protons of 
Hydroquinidine, VI, I, and  (R)-III(-15 mg/0.5 ml) 


~~ 


Compound H-2‘ H-3‘ H-8’ 


Hydroquinidine 8.63 (d) 


VI 8.66 (d) 


I 8.59 (d) 


(R)-111 8.58 (d) 


( J  = 4 Hz) 


( J  = 4 Hz) 


( J  = 4 Hz) 


( J  = 4 Hz) 


In parts per million. 


7.52 (d) 
I J  = 4 Hz) 
7151 (dj ’ 


( J  = 4 Hz) 
7.49 (d) 
( J  = 4 Hz) 
9.42 (d) 
( J  = 4 Hz) 


7.95 (d) 
( J  = 9 Hz) 
8.00 (d) 
( J  = 9 Hz) 
7.94 (d) 
( J  = 9 Hz) 
7.93 (d) 
( J  = 9 Hz) 


preferred conformation for I. On the basis of the data presented for the 
two aldehydes, we concluded that the molecules of each epimer exist as 
a stable rotamer and the structure of the rotamers depends mainly on 
steric and a-x interactions in the molecule. As a result of this latter in- 
teraction, the coplanar H-C=O group in (R)-111 is in close proximity to 
the nitrogen-containing aromatic ring, and this involves rotation about 
the C-4’-C-9-C-8 bonds, making the dihedral angle between the protons 
of C-9 and C-8 <goo. In (S)-111, the steric interaction of the proton a t  C-3 
and the nitrogen-containing aromatic ring causes rotation in the opposite 
direction, bringing about a change in the dihedral angle between the 
protons of C-9 and C-8 from <90° to -goo. At the same time, the H-C=O 
group is positioned a t  a greater distance from the nitrogen-containing 
aromatic ring as compared to (R)-111. 


The ups and downs of the chemical shifts of some of the protons could 
be explained on the basis of the proposed assumption. In @)-HI, the close 
proximity of the H-C=O group to the nitrogen-containing aromatic ring 
places H-3’ within the positive zone of the carbonyl cone and H-2’ near 
its border. Consequently, H-3’ shifts to a higher field, and H-2’ appears 
as a broad singlet. For the same reason, the aldehydic proton in (R)-III 
is under the deshielding influence of the aromatic ring and absorbs at a 
lower field compared to the aldehydic proton of (S)-111. In (S)-I11 the 
nitrogen atom of the quinuclidine ring is in closer proximity to H-5’ than 
in (!?)-I11 and, consequently, H-5’ experiences a shielding effect [due to 
a long-range shielding by the nitrogen atom (5, 6)]. 


Whereas the oxidation of I under basic conditions was relatively slow, 
the oxidation under acidic conditions was much faster and more complex. 
Its value was in the ability to: ( a )  prepare, in one reaction, carbonyl- 
containing compounds other than the aldehydes [(R)-III and (S)-HI]; 
( b )  study, with the help of NMR analyses of these additional carhonyl- 
containing compounds, the intensity of the x-x interaction when the 
side-chain a system varied from vinyl to aldehydic carbonyl to ester 
carbonyl; (c)  explore, at the same time, their influence on the chemical 
shifts of some important protons in the molecule; and ( d )  determine 
whether they were concentration dependent. 


The NMR data of @)-I11 and (S)-111 made i t  possible to assign the 
configuration a t  C-3. As the carbonyl group departed from the aromatic 
ring, certain apparent changes took place. The intensity of these changes 
depended on the mutual a-a interactions between the aromatic ring and 
the side-chain a systems. In Table IV, three a systems (aldehyde, 
methoxycarbonyl, and vinyl) are compared; differences in intensity were 
measured by the chemical shifts experienced by H-2’, H-3’, and H-8’. For 
comparative purposes, hydroquinidine was also introduced. Since H-2’ 
is a t  a greater distance from the side-chain a systems, H-3’ is more sen- 
sitive to both the intensity of the a systems and the stable conformation 
of the molecule. As can be seen in Table IV, the shielding of H-3’ increased 
in the following order: @)-I11 > VI sz I. With regard to H-2’, the order 
of shielding was as follows: @)-I11 = I > VI. 


These differences may be explained on the basis of different orienta- 
tions of the carbonyl group of the aldehyde and methoxy functions. Since 
the methoxy group in VI is more bulky than the proton in the aldehydic 
group, rotation about C-10 takes place and makes the distance between 
the carbonyl group and H-3’ of the aromatic ring greater and thus lowers 
the shielding effect. Consequently, VI resembles hydroquinidine while 
(R)-III is closer to I with respect to the shielding effects on H-2’ and H-3’. 
Therefore, it is concluded that the aldehydic and vinylic groups are more 
appropriate for assignment of the C-3 configuration than the methoxy 
group, which brings about steric disturbances. 


Origin of T-T Interaction-The nitrogen-containing ring is relatively 
more ?r deficient due to the electronegative character of the nitrogen 
atom. This a-deficiency is reflected in the chemical shifts of the protons 
in the two rings of the quinoline structure. The protons of the nitrogen- 
containing ring generally are deshielded to a greater extent than the 
protons of the sister ring. The a-a interactions may be visualized as a 


donor-acceptor system. Thus, the a-deficient aromatic ring is the ac- 
ceptor while the side-chain a system is the donor. 


Epimerization at C-.?-Oxidation of I1 under weakly acidic conditions 
for a short time (as in Method B) yields pure natural (R)-111. Under more 
acidic conditions (as in Method A), rapid epimerization at  C-3 takes place, 
mainly due to the tertiary nature of the carbon a t  C-3. In addition, the 
ease of epimerization suggests that, in the natural configuration (R)-III, 
the aldehydic derivative 111 is under steric strain and that this strain is 
partially relieved in the process of epimerization. An equilibrium is 
reached between the two epimers. The 1:l ratio obtained at equilibrium 
suggests that  the energy content of (R)-I11 and (S)-I11 is approximately 
equal. In (R)-III, the energy gained by the a-a interaction is partially 
offset by the steric interaction developed in the vicinity of C-8-C-9. In 
(S)-III, the release of steric strain in the vicinity of C-8-C-9 is counter- 
acted by a decrease in the a-r interaction. Complete epimerization was 
also found when (R)-I11 was subjected to chromatography or dissolved 
in chloroform. Therefore, the enhanced sensitivity is due not only to the 
tertiary character of C-3 but also to the energy content of the mole- 
cule. 


Concentration Dependence of Chemical Shifts-The concentra- 
tion dependence of the chemical shifts of I and hydroquinidine were 
observed previously (1). It was suggested that this concentration de- 
pendence is a result of molecular association. In the present study, the 
same phenomenon was observed in 111 and IV (Tables I and 111). Since 
the natural epimer (R)-111 was only sparingly soluble in deuterochloro- 
form, a mixture of (R)-I11 and (S)-III, which was much more soluble, was 
used. Compound IV was almost insoluble in deuterochloroform; therefore, 
the NMR analysis of its methyl ester (VI) was made. Quininic acid (V) 
was converted to its methyl ester (VII), which was much more soluble. 
Practically, no concentration dependence was observed in this compound 
(Table 11). 


These observations clearly imply that changes in the chemical shifts 
a t  different concentrations occur only when the quinuclidine moiety is 
connected to the quinoline moiety through the carbon atom a t  C-9 to 
which a hydroxyl group is attached. Thus, the previous suggestion that 
molecular association is initiated by hydrogen bonding of the hydroxyl 
groups has additional support. Aside from its importance in under- 
standing the origin of the association in the molecules, the NMR data 
of the fragmentation derivative (VII) reveal some interesting features. 
Theoretically, the carbonyl group of the methoxycarbonyl moiety may 
be directed toward either H-5’or H-3’ if there is no inhibition of resonance 
in the molecule as a whole. On the other hand, the inhibition of resonance 
could cause rotation about the C-4’-C-9 bond and bring about a departure 
of the bulky methoxy group from either H-3‘ or H-5‘. The NMR data of 
VII unambiguously show that the carbonyl group is positioned near H-5’ 
and that the methoxy group is in the vicinity of H-3’. The model of this 
molecule reveals that  reversing the positions of the carbonyl group and 
the methoxy is associated with intensified steric strain. On the basis of 
this assumption, the NMR data may be rationalized. Furthermore, the 
concentration-independence of its chemical shifts implies that  the 
molecule has one, and only one, stable rotamer. 


When the hydroxyl group was replaced by acetoxy in VI, it was found 
that there was no concentration dependence in the acetyl derivative (VIII) 
(Table 111). This result was in full agreement with previous findings (1) 
suggesting the absence of molecular association in the acetyl derivative 
of I. As expected, the presence of the acetoxy group caused a paramag- 
netic shift of H-2’ and a diamagnetic shift of H-3’. Another consequence 
of the concentration independence of this molecule was clearly shown 
in its NMR spectrum, namely, the presence of a second epimer (S)-VIII 
in addition to (R)-VIII. Since the oxidation of I under acidic conditions 
yielded two epimers, (R)-111 and (S)-111 in a 1:l ratio, one might expect 
that  the acids of the same oxidation reaction would also consist of two 
epimers (R)-IV and (S)-IV in a 1:l ratio. The NMR data showed that this 
was not the case; rather, the ratio of the two epimers was -3:l in favor 
of the natural configuration. This observation suggests that  I is mainly 
oxidized directly to an acidic product without the mediation of an alde- 
hyde. The presence of (S)-IV was due to slow oxidation of the epimeric 
aldehydes (R)-I11 and (5’)-111. The presence of this second epimer was 
not revealed in the NMR spectrum of VI but only in that of the acetylated 
product (VIII); this result is a consequence of the lack of molecular as- 
sociation. 
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Abstract 0 NMR analyses of quinidine and other cinchona alkaloids 
and their monoprotonated salts in deuterium oxide and in deuterochlo- 
roform revealed that the molecules assume new conformations in polar 
and nonpolar media, affecting the protonation site and hydrophilic- 
lipophilic characteristics. The ion-pair feature of the salts is lost and the 
molecules assume a neutral feature when they are transferred from an 
aqueous to a lipoid phase. Hydrophobic bonds between the molecules 
and their environment and within the molecule itself may affect the 
binding of cinchona alkaloids to membranes in biological fluids. 


Keyphrases 0 Quinidine-impact of stable conformation on protona- 
tion site, effect of polar and nonpolar solvents on conformation, NMR 
analyses 0 Alkaloids, cinchona-impact of stable conformation on pro- 
tonation site, effect of polar and nonpolar solvents on conformation, 
NMR analyses 0 Conformation-impact on protonation site of quinidine 
and other cinchona alkaloids, effect of polar and nonpolar solvents, NMR 
analyses 0 NMR spectroscopy-analyses of quinidine and other cinchona 
alkaloids, impact of stable conformation on protonation site, polar and 
nonpolar solvents 


The protonation site on the quinidine molecule (I) might 
have an important bearing on its disposition, protein 
binding, and activity in the body. When the nitrogen of the 
quinuclidine ring of I is uncharged at  pH 10, the number 
of receptor areas in albumin increases from one to three, 
possibly because the polar effect of the positively charged 
nitrogen is lost (1). At pH 7.4, however, the quinuclidine 
ring apparently does not play a great part in the binding 
of I to albumin, as was demonstrated in the competitive 
inhibitory effects of related quinoline compounds on the 
binding of I to albumin (2). It was postulated (3) that the 
cardiac action of I may result from special orientation of 
the molecule at interfaces, with binding of the quinoline 
ring to membrane lipoprotein and with the charged qui- 
nuclidine ring in the aqueous phase affecting ion move- 
ment across the cardiac cell (Fig. 1). 


Any factors that may change the protonation site in I, 
such as the polarity of the surrounding medium and the 
dependence of conformation on this polarity, might affect 
the binding of I to plasma or cell or enzyme protein and, 
hence, its distribution, activity, and metabolism. This 
study explored the dependence of hydrophilic-lipophilic 
and structural properties of the salts of I and other cin- 
chona alkaloids on solvent polarity. NMR analyses of the 
alkaloids and their salts were utilized. 


H H  


I 


H H  


I11 


V VII 


Q =  CH30m 
M 


EXPERIMENTAL 


NMR spectra were obtained at  300 MHz using an analytical NMR 
spectrometer’ equipped with an automatic recorder. Tetramethylsilane 
in deuterochloroform and 2,2,3,3-tetradeutero-3-(trimethylsilyl)propionic 
acid sodiumZ and tetrahydrofuran in deuterium oxide were the internal 
standards. Pure quinidine (I), quinidine monohydrochloride (II), hy- 
droquinidine (III), and hydroquinidine monohydrochloride (IV) were 
obtained from commercially available quinidine sulfate USP3. Pure 
quinine (V), quinine monohydrochloride (VI), hydroquinine (VII), and 
hydroquinine monohydrochloride (VIII) were obtained from commer- 
cially available quinine sulfate USP4. Hydrogenation of I and V was 
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Abstract 0 The mixing of three organic carboxylic acids with micronized 
lactose, all cohesive in nature, was studied using a cylindrical shear mixer. 
Three mixing indexes (S/UA, S/LTR, and the Ashton-Valentin mixing 
index) were used to evaluate mixing of the three drugs with lactose. The 
results suggested that maximum homogeneity was reached after 45 min 
of mixing. However, different mixing indexes showed different sensitivity 
to homogeneity of the individual components. The mixing index S / I J A ,  


which is based on setting standard specifications, appears to  provide a 
better evaluation of homogeneity of individual components compared 
to the mixing indexes based on complete random mixing theory. The 
latter did not approach unity for any drug component used in this study. 
These results suggested that mixing of cohesive powders is a complex 
process and cannot be explained fully by simple theory based on complete 
random mixing. 


Keyphrases 0 Mixing-of multicomponent cohesive powders, evalua- 
tion of homogeneity using three mixing indexes based on statistical 
analysis 0 Powders-multicomponent mixing of cohesive powders, 
evaluation of homogeneity using three mixing indexes based on statistical 
analysis 0 Carboxylic acids-cohesive powders mixed with lactose for 
homogeneity evaluation, evaluation of three mixing indexes based on 
statistical analysis Dosage forms, design-multicomponent mixing 
of cohesive powders to determine homogeneity of individual components, 
three mixing indexes evaluated 


The mixing of a cohesive drug with cohesive, nonco- 
hesive, and free-flowing excipients was studied previously 
(1) using two types of mixers, cylindrical shear and V- 
shaped tumbling. Most mixing studies use binary systems, 
and mixing indexes based on statistical analysis are used 
to evaluate homogeneity. However, many practical situa- 
tions in dosage form design require mixing several pow- 
ders. Although most multicomponent mixing has been 
studied theoretically (2-6), one practical multicomponent 
system used 10% phenobarbital, 1% secobarbital, 1% bu- 
tobarbital, and 88% lactose (7-9). 


Accepted for publication August 14,1980. 


The multicomponent mixing of cohesive powders is one 
of the most difficult and complex powder mixing systems. 
None of the reported mixing studies have dealt with this 
powder mixing system. 


This paper reports the mixing of cohesive powders of 
three organic carboxylic acids and an excipient in a cylin- 
drical shear mixer. The results were evaluated by the 
mixing indexes based on complete random mixing and on 
standard specifications described previously (10,ll).  


EXPERIMENTAL 


Materials-Three organic carboxylic acids, 7-methylsulfinyl-2-xan- 
thone carboxylic acid (I), 7-methylthio-2-xanthone carboxylic acid (II), 
and 5-isopropoxy-7-methylthio-2-xanthone carboxylic acid (111), and 
mestranol were a t  least 99% pure’. USP grade lactose2 was micronized3. 
Component I was micronized, and I1 and 111 were used as received. 
Methanol4 was spectra grade, and polysorbate 805 was USP grade. All 
other chemicals were analytical grade unless specified otherwise. 


Physical Properties-The particle-size distributions of 1-111 were 
determined6 by electronic counting. The vehicle was a saturated solution 
of the compound in 0.6% HC1 containing 0.018% polysorbate 80. The 
filtered vehicle was used to disperse the drug powder. 


The particle-size distribution of the micronized lactose was deter- 
mined’ by automatic sedimentation, using photoextinction to measure 
the apparent projected area a t  decreasing sedimentation depths with 
increasing time. 


The densities of the organic carboxylic acids were determined by the 
density matching method of Oster and Yamamoto (12). Mixtures of 
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Figure 1-Particle-size distribution of l,ll, Ill, and lactose 


hexane and carbon tetrachloride were prepared, and the powder was 
placed in the test tubes containing these solvent mixtures to pinpoint the 
density range. The powder density was determined by matching with the 
solvent mixture. The density of the final solvent was determined by 
weighing the solvent in a liquid pycnometer, which was calibrated with 
water at room temperature. The density of the lactose was obtained from 
the literature. 


Mixing-The mixing was carried out in a cylindrical shear mixer 
equipped with a stainless steel blade. The cylindrical drum was rotated 
at a desired speed controlled by a speed regulator. The axis of rotation 
coincided with the axis of the cylindrical drum. The multicomponent 
system consisted of micronized lactose and the three carboxylic acids (I, 
12%; 11,6%; and III,2%). The loading was carried out through the same 
side of the mixer, and each component was dilated during loading. 


The mixer was rotated at  60 rpm throughout the study. Twenty spot 
samples, 20 mg each, were withdrawn from six different locations of the 
powder bed at  each time interval. 


The samples were individually weighed, extracted with methanol, and 
assayed for 1-111 by high-performance liquid chromatography (HPLC) 
using mestranol as the internal standard. 
Assay of 1-111 in Mixture-The samples of the powder mixtures were 


dissolved and extracted in methanol. Residual lactose was removed by 
filtration through a 0.8-pm pore diameter filter*. The first 15 ml of the 


~~ 


* Metricel membrane filter. 


1 


r 
i 


PARTICLE SIZE, Mtn 
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filtered solution was discarded to account for any adsorption of the solute 
to the membrane filter. To an aliquot of the filtrate, an aliquot of mes- 
tranol in methanol was added and appropriately diluted before injection. 
The injection volume was 100 pl. The high-pressure liquid chromato- 
graph was equipped with a fixed-wavelength UV detector a t  280 nm. 
Separation was accomplished on a Spherisorb ODS, lO-Mm, reversed- 
phase column (25 cm X 4.6 mm). 


The mobile phase was 60% methanol and 1% acetic acid in distilled 
water. The eluent was fiitered through a 2.0-pm filte+ and degassed prior 
to use. The flow rate was adjusted to 1 ml/min (-1500 psi). 


Calibration curves were prepared for solutions containing 1-111 and 
mestranol in the mobile phase. A linear relationship was obtained for I, 
11, and I11 over ranges of 1-7.0,I-4.0, and 0.1-1.2 pg/ml, respectively. 


Method reproducibility was checked by injecting 20 samples from the 
same stock aolution prepared from the accurately weighed amount of 1-111 
and lactose in the same proportion as used in the mixing studies. 


RESULTS AND DISCUSSION 


The particle-size distributions of 1-111 and lactose are given in Fig. 1. 
Table I gives the mass median diameter, density, effective particle weight, 
and total number of particles in a sample of all components in the mix- 
ture. The classification of powders into cohesive and noncohesive powders 
was based largely on the particle-size distribution, because simple mea- 
surements such as the angle of repose did not differentiate between these 
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Table I-Particle Properties of Mixing Components 


Property I I1 I11 Lactose 
~ 


Mass median diameter, pm 
Density, g/ml 
Effective mean 


Total number of 
particle weight, pg 


3.06 
1.53 
0.147 X 


7.23 6.40 2.10 
1.50 1.40 1.53 
0.799 X 0.65 x 10-3 0.821 X 


2.79 X los 4.78 x 107 6.93 X 106 4.275 X 10" 
particles in sample 


Cohesion Cohesive Cohesive Cohesive Cohesive 


powders (1). Since the mass median diameter of all mixing components 
used was <lo pm, all powders were classified qualitatively as cohesive. 


Figure 2 gives the chromatogram showing the separation of 1-111 and 
the internal standard. The observed retention times for I, 11, mestranol, 
and I11 were 6, 10, 13, and 16 min, respectively. The error due to the 
method was determined, and the variance of the method was 0.0029, 
0.00064, and 0.00031% for I, 11, and 111, respectively. This error was small 
and was considered negligible. Since the sampling error is difficult to 
determine and the error due to the impurities is very small, they were 
neglected also. The total error in powder mixing experiments is generally 
attributed to the error in the analytical method, sampling, impurities, 
and mixing: 


s; = s: + s," + s; + s: (Eq. 1) 


where S2 represents sampling variance and subscripts t ,  a, s, i, and m 
represent total, analytical method, sampling, impurities, and mixing, 
respectively. 


For simplicity, the total error in these studies is attributed to the error 
due to mixing. 


The sample standard deviation s was obtained experimentany from 
the results of 20 samples. With the assumption of a normal distribution, 
the acceptable standard deviation UA with a 99.7% confidence level within 
f 1 0  and 335% of the mean X was calculated from: 


f3~7.4 = fO.lX = (tolerance x mean) 


f3UA = f0.15X = (tolerance X mean) 
(Eq. 2a) 


(Eq. 26) 
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Fmre 2-Chromatogram of I-ZIZ from a mixture containing mestranol 
as the internal standard. Detector response was at 0.04 aufs. Key: I ,  I ,  
2, II; 3, mestranol; and 4, III. 


The acceptable standard deviation UA may be fixed at  any desired tol- 
erance, for example, 15% within the mean. The sample standard deviation 
s is obtained from the mixing experiments. The mixing index SIUA ap- 
proaches acceptability as the sample standard deviation approaches 


Figure 3 gives the results of s / a A  as a function of the mixing time. As 
mixing approached acceptability, the ratio of the sample standard de- 
viations and the acceptable standard deviation UA approached unity. The 
S/UA for I, which was at the highest concentration, approached unity after 
-35 min of mixing. When mixing was continued, the S/UA remained below 
unity. The S/UA for 11 approached acceptable homogeneity after -45 min 
of mixing. Component 111, which was at the lowest concentration in the 
mixture, approached acceptability only after 75 min of mixing. 


The results in Fig. 3 clearly indicate that homogeneity in a multi- 
component cohesive system is very dependent on the concentration of 
the individual componentss. The component a t  the highest concentration 
in the mixture appeared to approach the acceptability range at the fastest 
rate, and the compohent a t  the lowest concentration was slowest in ap- 
proaching the acceptability range. Since the degree of mixedness in a 
multicomponent system is dependent on the concentration of individual 
components, it is important to monitor the homogeneity of individual 
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Figure 3-Plots of s l u ~  versus mixing time, showing the mixing of I (O), 
II  (A), and III (0). The UA was calculated at f l O %  tolerance with a 
99.7% confidence level. 


9 Such a concentration effect has largely been ignored in the past except for one 
brief study (13). It has not been reported for multicomponent mixtures. 
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Figure 4-Plots of S/UA versus mixing time, showing the mixing of I (O), 
II (A), and III (0). The CrA was calculated at f15% tolerance with 
a 99.7% confidence level. 


components to reach an acceptability range for all components in the 
mixture. It is obvious from the results in Fig. 3 that the mixture did not 
pass the 10'70 acceptable limit on standard deviation at any time point 
because the mixing index for at least one of the three Components did not 
approach the acceptability range. 


Figure 4 gives the results of the s/aa mixing index tested according 
to the USP criterion of f15% for content uniformity at the 99.7% confi- 
dence level. All three components approached acceptable honlogeneity 
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Figure 6-Plots of (log a; - log S2)/(log a: - log a:) versus mixing time, 
showing the mixing of I (O), II  (A), and 111 (0). 


after mixing for 4.575, and 90 min. 
Mixing processes are generally considered as random in nature. Over 


30 different mixing indexes were reviewed by Fan et al. (14). For a fully 
randomized two-component system of identical densities and particle 
sizes, the standard deviation was given (11) by: 


112 
= k) (Eq. 3) 


where p and q are the proportions of two components, N is the number 
of particles in the unit of scrutiny, and OR is in a unit of fraction of par- 
ticles. 


Poole et al. (15) modified an expression (16) to account for the parti- 
cle-size distribution of a binary system: 


where Z ( f w )  is the effective mean particle weightof that ingredient de- 
noted by the subscript and W is the mass of the sample taken from a mix. 
Stange (5) extended this form to a multicomponent system: 


log a$ - log S2 
log a: - log a$ 


M U 2  = 


10 1 // I 1 1 I I 
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Figure 5-Plots of s /aR versus mixing time, showing the mixing of I (O), 
II (A), and III f 0). 


The ratio of the sample standard deviation and b R  obtained from Eq. 
5 is plotted versus mixing time in Fig. 5. As expected from the results of 
a binary system (l), this index was not suitable for evaluating mixing of 
multicomponents that are all cohesive. 


Ashton and Valentin (17) proposed the following mixing index (Eq. 
6), which is more sensitive to variations of mixedness in its entire span 
ranging from the completely segregated state to completely mixed 
state: 


where a;, S2,  and a; are the variances in the initial, intermediate, and 
ultimate random conditions, respectively. Figure 6 gives the plots of this 
mixing index as a function of the mixing time. All three components 
approached maximum homogeneity on mixing for -45 min, after which 
some segregation tendency was noticeable with two components. 


The analyses of mixing data of multicomponent cohesive powders by 
the mixing indexes based on complete random mixing theory and on 
setting standard specifications suggested that the maximum attainable 
homogeneity was reached after 45 min of mixing. The two analyses show 
different sensitivity to the homogeneity of individual components. The 
mixing index s / a A ,  which is based on setting standard specifications, 
appears to provide a better evaluation of homogeneity of individual 
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components compared to the mixing index based on complete random 
mixing theory. The mixing indexes based on complete random mixing 
do not approach unity for any of the three drug components used in this 
study. These9esults suggest that mixing of cohesive powders is a complex 
process and cannot be fully explained by simple theory based on complete 
random mixing. 


The analyses of multicomponent mixing were based on fundamental 
statistical concepts. The mixing index based on standard specifications 
provides satisfactory evaluation of mixing multicomponent cohesive 
powders. The mixing index of Ashton and Valentin (17) may be used to 
evaluate multicomponent mixing systems of the type described in this 
paper, although it has some disadvantages. 


Recently, Wang et al. (2) applied multivariate statistical analysis to 
the mixing process and to a mixture of multicomponent solid particles. 
They used three types of lucite spherical particles which had identical 
properties except color. Since it is an interesting approach for evaluating 
multicomponent mixing, future work directed in this vein using a more 
practical multicomponent system would elucidate the understanding of 
mixing. 
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Statistical Analysis of Multicomponent Mixing 
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Abstract 0 The multicomponent mixing for cohesive powders was 
evaluated by multivariate statistical methods. Tests were carried out for 
the sampling technique, completely random state and completely seg- 
regated state. Hotelling’s statistics were not helpful in testing the practical 
sampling technique. Comparisons of the mixing indexes based on uni- 
variate and multivariate statistics indicated excellent consistency in 
optimizing mixing time. Neither mixing index approached unity because 
cohesive powders do not reach a completely random state. The multi- 
variate mixing index was smaller than the univariate indexes largely due 
to interparticular forces among small cohesive particles. 


Keyphrases Mixing-of multicomponent cohesive powders, evalua- 
tion of homogeneity using multivariate statistical analysis 0 Pow- 
ders-multicomponent mixing of cohesive powders, evaluation of ho- 
mogeneity using multivariate statistical analysis 0 Dosage forms, de- 
sign-multicomponent mixing of cohesive powders to determine ho- 
mogeneity of mixture, comparison of univariate and multivariate sta- 
tistical analyses 


Theories concerning the state of mixedness of solids 
generally deal with univariate statistical analysis of the 
sample standard deviation and the theoretical standard 
deviation (1-6). However, almost all processes of experi- 
mentation, data collection, and observations are multi- 
variate in nature. Multivariate analysis deals with sum- 
marization, representation, and interpretation of data 
sampled from populations where the variables yield 
measures of more than one characteristic (7-9). In phar- 
maceutical practice, the drug(s) and excipient(s) being 
mixed vary in their particle-size distribution, inter- and 
intraparticular forces, mixing composition, shape, etc. 
From a statistical viewpoint, analysis of heterogeneous 


solid mixtures using the univariate statistical approach 
does not account for the interactions and statistical de- 
pendency of individual components. 


Recently, Wang et al. (10) applied multivariate statis- 
tical analysis to the mixing process and to a mixture of 
multicomponent solid particles. They used three types of 
spherical particles with identical properties except 
color. 


The mixing of three organic carboxylic acids with mi- 
cronized lactose, all cohesive in nature, was studied (11) 
using a cylindrical shear mixer. The results were evaluated 
by the mixing indexes based on univariate statistics. This 
paper analyzes the previous experimental results using 
multivariate statistical methods. Comparisons of the re- 
sults of the mixing indexes based on univariate statistics 
(6) and multivariate statistics (10) indicate excellent 
consistency in optimizing mixing time for mixing multi- 
component cohesive powders. Due to interparticular forces 
among small cohesive particles, the resulting multivariate 
mixing index was smaller than the univariate index of in- 
dividual components. Neither mixing index approached 
unity, indicating that the mixing of cohesive powders is not 
completely random. 


THEORETICAL 


In the univariate normal distribution, measurement of the effect is 
evaluated through independent random events. The problems arising 
in the multivariate populations are mostly straightforward analogies of 
the problems arising in univariate populations. For a single variable, the 
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The release of the drug from the microcapsules was related directly 
to the wall t.hickness (Fig. 6). Increasing the wall thickness retarded the 
release of the drug for longer than 12 hr from the unhardened micro- 
capsules. Since the drug release rate from the hardened microcapsules 
is substantially lower than from the unhardened microcapsules (I) ,  this 
procedure has potential for the development of a dosage form that may 
substantially reduce the frequency of administration, thus resulting in 
fewer missed doses. 


REFERENCES 


(1) P. L. Madan, D. K. Madan, and J. C. Price, J.  Pharm. Sci., 65,1476 
(1976). 


(2) P. L. Madan, in “Microencapsulation: New Techniques and Ap- 
plication,” T. Kondo, Ed., Techno Inc., Tokyo, Japan, 1979, pp. 11- 
34. 


(3) P. L. Madan, L. A. Luzzi, and J. C. Price, J .  Pharm. Sci., 63,280 
(1974). 


(4) L. Si-Nang, P. F. Carlier, P. Delort, J. Gazzola, and D. Lafont, ibid., 
62,452 (1973). 


(5) J. R. Nixon and S. E. Walker, J.  Pharm. Pharmaeol., 23. 147s 
(1971). 


ACKNOWLEDGMENTS 


Presented a t  the Industrial Pharmaceutical Technology Section, APhA 
Academy of Pharmaceutical Sciences, Montreal meeting, 1978. 


Synthesis and Preliminary Pharmacology of an Internal 
Standard for Assay of Neostigmine 


H. E. WARD, Jr. *, J. J. FREEMAN *, J. W. SOWELL *, and 
J. W. KOSH*” 
Received August 5, 1980, from the ‘Division of Pharmacology and the $Division of Medicinal Chemistry, College of Pharmacy, University of 
.%uth Carolina, Columbia, SC 29208. Accepted for publication September 19,1980. 


Abstract 0 The synthesis of the diethyl analog of neostigmine, its pre- 
liminary pharmacology, and its use as an internal standard for the GLC 
assay of neostigmine are described. Both the diethyl analog and neo- 
stigmine undergo thermal demethylation in the injection port. The col- 
umn selected produced satisfactory resolution and short retention times 
lor neostigmine and the diethyl analog. The diethyl analog apparently 
possesses acetylcholinesterase-inhibiting properties, as evidenced by 
potentiation of the contractile response to acetylcholine on the ileum. 
In addition, acetylcholine levels in the brain were elevated slightly. Water 
solutions of the diethyl analog appeared to lose biological activity with 
time. The diethyl analog appears t o  be suitable for use as an internal 
standard for the GLC assay of neostigmine. 


Keyphrases 0 Neostigmine-acetylcholine analog, synthesis and pre- 
liminary pharmacology of neostigmine analogs, quantification by GLC 
using tlame-ionization detection GLC, flame ionization-analysis, 
neostigmine and analogs, synthesis, preliminary pharmacological studies 
in rats 0 Cholinergics-neostigmine and analogs, synthesis, pharmaco- 
logical activity evaluated in rat brain and smooth muscle, quantification 
by GLC 


Neostigmine, a quaternary ammonium compound, has 
been measured following isolation from biological fluids 
by many methods, including chemical modification of the 
molecule followed by polarography (I), photocolorimetry 
(2), or spectrophotometry (3, 4). Other quaternary am- 
monium compounds have been isolated from biological 
fluids using ion-pair extraction (5-7). Neostigmine also has 
been analyzed using counterion complexation followed by 
liquid scintillation spectrometry (8), GLC (9, lo), or 
GLC-mass spectrometry (11). 


Recent assays for neostigmine used pyridostigmine as 
an internal standard followed by thermal dimethylation 
in the injection port and GLC separation. Neostigmine and 
pyridostigmine are both employed clinically, and their 
combined therapy presents a problem with currently 
available assays. Since GLC is widely used with substantial 
economic advantages overGLC-mass spectrometry, it was 
necessary to synthesize an analog of neostigmine appli- 
cable to the assay of quaternary ammonium cholinesterase 
inhibitors. 


Since neostigmine possesses cholinomimetic properties, 
the structural similarity of the diethyl analog suggested 
that it may possess similar pharmacological actions. The 
present study reports the synthesis of the diethyl analog 
of neostigmine, its use as an internal standard in the 
quantification of neostigmine, and preliminary pharma- 
cological findings. 


EXPERIMENTAL 


Synthesis’ of Diethyl Amino and  Tert iary Analogs of Neostig- 
mine-The preparation of the diethyl analog of neostigmine required 
the synthesis of an intermediate, 3-[ [(diethylamino)carbonyl]oxy]- 
Nfl-dimethylaniline (I), which subsequently was converted to the diethyl 
analog, 34 [(diethylamino)carbonyl]oxy]-N,N,N-trimethylbenzenami- 
nium iodide (11). 


Synthesis ofl-Compound I was synthesized by a modified procedure 
of Yanagisawa (12). A solution of 3-dimethylaminophenol (10.0 g, 0.073 
mole) in anhydrous tetrahydrofuran (100 ml) was added dropwise with 
s t i r rhg to phosgene in 12.5% benzene (192 ml) in an ice bath. After 24 


II 


Iv 
~~ 


1 IR spectral data were determined on a Beckman Acculab 4 spectrophotometer 
using the potassium bromide technique. NMR spectra were determined on a Varian 
EM 360A hi h resolution spectrometer with tetramethylsilane as the internal 
reference. Me!& points were obtained using a Thomas-Hoover capillary apparatus 
and are uncorrected. TLC was performed using Eastman chromato am sheets, 
type 6060 (silica gel); the sheeta were developed in an iodine chamEr. Carbon, 
hydrogen, nitrogen, and iodide values were obtained from analyses performed by 
Atlantic Microlabs, Atlanta, Ga. 
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t Figure 1-Representatiue chromatogram of 


neostigmine with internal standard. Two 
microliters of chloroform solution containing 
9.3 nmoles of neostigmine and 11.8 nmoles 
of internal standard was subjected to GLC 
ana6ysis as described in Experimental. Neo 
= neostigmine, and Std. = diethyl analog of 
neostigmine (11, internal standard). 


1 2 3 4  


I ,  
MINUTES 


hr a t  ambient temperature, the solvents and excess phosgene were re- 
moved in uacuo. 


The residue was dissolved in tetrahydrofuran (100 ml) and was stirred 
in an ice bath as diethylamine (18.0 g, 0.25 mole) was added dropwise. 
After 12 hr at  ambient temperature, the solvent and excess diethylamine 
were removed in uacuo. The residue was dissolved in chloroform (100 ml), 
extracted with 3 X 50-ml portions of 5% NaOH, and then extracted with 
several portions of saturated aqueous sodium chloride solution. The 
chloroform solution was dried over anhydrous sodium sulfate, and the 
remaining chloroform was removed in uacuo to yield 12.4 g of an oily 
residue. The IR spectrum was consistent with the assigned structure, and 
the oil was used for methiodide salt formation without further purifica- 
tion. 


Synthesis of Diethyl Analog (11) of Neostigmine-A solution of I (5.0 
g, 0.021 mole) in anhydrous ether (50 ml) was treated with methyl iodide 
(9.1 g, 0.064 mole). The methiodide salt, which precipitated over several 
days, was collected and dried. A portion of the crude product (4.1 g, 51.2%) 
was recrystallized from acetone-ethyl acetate-hexane (1:1:2) to yield a 
white powder. This powder was homogeneous on TLC with acetone (Rr 
0.28), mp 130-131"; IR (KBr): 1715, 1420, 1270, 1230, 1210, and 1150 
cm-'; NMR (deuterochloroform): 6 1.25 (t, 6H, CH3 groups of dietbyl- 
amino), 3.50 (4, 4H, methylene groups of diethylamino), 3.95 [s, 9H, 
(CH&N], and 7.2-7.8 (m, 4H, aromatic H) ppm. 


Anal.-Calc. for CldH23IN202: C, 44.45; H, 6.13; I, 33.55; N, 7.41. 
Found C, 44.60; H, 6.14; I, 33.38; N, 7.31. 


Synthesis of Tertiary Analog (III) of Neostigmine-The tertiary 
analog, 3-[[(dimethylamino)carbonyl]oxy]-N,N-dimethylaniline (III), 
was synthesized according to the procedure for I, except that dimethyl- 
amine was added instead of diethylamine. 


GLC Procedures for Neostigmine (IV) and Its Analogs-Prior to 
chromatographic analysis, neostigmine2 and/or its analogs were dissolved 
in 25 ~1 of chloroform. Two microliters of the chloroform solution was 
injected into a gas chromatograph3 equipped with a flame-ionization 
detector and a 1.2-m X 2-mm i.d. glass column packed with 5% OV-17 
on diatomaceous earth4. Assay temperatures were: column, 210"; injection 
port, 300"; and detector, 250". The carrier gas was helium a t  a flow rate 
of 40 ml/min. Flow rates for air and hydrogen were 250 and 50 ml/min, 
respectively. 


Animals and Drugs-Male albino Sprague-Dawley rats, 225-325 g, 
were provided with a commercial diet and water ad  libitum. 


Saline solutions of acetylcholine2 or neostigmine were prepared im- 
mediately prior to use. Saline solutions of the diethyl analog were pre- 
pared immediately and up to 1 hr prior to use. 


Measurement of Acetylcholine and Choline in Brain-Rats were 
implanted with intraventricular cannulas5 (13) following anesthetization 


Sigma Chemical Co., St. Louis, Mo. 
Beckman GC-65, Fullerton, Calif. 
Gas Chrom Q,  Applied Science Laboratories, State College, Pa. 
Intramedic polyethylene tubing (0.28 mm i.d.; 0.61 mm o.d.), Clay Adams, 


Parsippany, N.J. 


Table I-Effect of Diethyl Analog (11) and Neostigmine (IV) on 
Hat Brain Levels a of Acetylcholine and Choline 


Acetylcholine", Choline ", 
Treatment nmoleslr (fSE) nmoleslr (fSE) 


Saline 17.2 f 0.7 52.7 f 1.9 
11, 30 nmoles 19.3 f 0.5* 53.5 f 1.5 
11, 60 nmoles 19.5 f 0.8** 48.9 f 6.6 
lV, 30 nmoles 26.6 f 0.72*** 47.2 f 5.9 


1' Male albino Sprague-Dawley rats were pretreated for 1 hr with I1 o r  IV intra- 
ventricularly in saline. b Brain tissue was examined for acetylcholine and chdine 
content as described in Kxprrimcnln/. ' = p < O.O'L, * *  = p < 0.05, and *** = p < 
0.001; rz = 4. 


Table 11-Effect of the Diethyl Analog (11) and Neostigmine 
(IV) on the Ileal a Response to Acetylcholine 


Treatment 
Contractile" 


Force, '70 n' 


Acetylcholine 100 f 30.1 
IId  + acetylcholine 
I1 (1-hr-old solution) 


404 f 49.5* 
33.5 f 84 


10 
6 
2 


" Ileal strips (1.25 cm) from rats were suspended in Tyrode's solution aerated 
with 100% oxygen and maintained at :W. Acetylcholine and I1 were added to pro- 
duce a final concentration of 2.8 X and 1 X M ,  respectively. Smooth 
muscle contractile response to acetylcholine represents 100% (1,s g of force). * = 
/ J  < 0.01. c Number of ileal strips. d Compound I1 alone did not prcduce a signifirant 
response. 


with pentobarbital (30 mg/kg) and urethan (950 mg/kg) and allowed to 
recover for 1-2 days. Neostigmine or the diethyl analog was administered 
intraventricularly in 2 p1 of saline with a microliter syringe. Histological 
verification of cannula placement was conducted periodically using to- 
luidine blue. Acetylcholine and choline were determined uia GLC using 
ion-pair extraction followed by chemical demethylation by the method 
of Kosh et al. (14). Fifty nanomoles of butyrylcholine was added to the 
brain homogenate as an internal standard. Two microliters of the final 
chloroform extract was injected into a gas chromatograph equipped with 
a flame-ionization detector. 


Measurement of Ileal Response-After removal of the ileal tissue, 
1.25-cm segments were placed in a 15-ml tissue bath containing Tyrode's 
solution (15) aerated with 100% oxygen and maintained at 38". Smooth 
muscle activity was monitored using a physiological recorder6. Following 
a 10-min control period, acetylcholine was added to the bath (final con- 
centration of 2.8 X M), and the response was noted. After washing 
with Tyrode's solution, the diethyl analog (11) was added to the bath (final 
concentration of 1 X M). After 2 min of exposure to 11, acetylcholine 
was introduced into the bath, and the response was compared to the effect 
of acetylcholine alone. 


RESULTS 


A typical GLC profile following injection of 2 p1 of a chloroform solution 
of neostigmine (IV) (9.3 nmoles) and an internal standard [diethyl analog 
of neostigmine (II), 11.8 nmoles] is seen in Fig. 1. The peak forms for both 
IV and I1 were symmetrical and resolved from the solvent peak. Complete 
separation was obtained between the peaks for IV (retention time of 2.0 
min) and I1 (2.7 min). Calculation of the resolution (16) of the IV and I1 
peaks gave a value of 1.8. Column efficiency, expressed in terms of the- 
oretical plates per foot for IV and 11, was 424 and 551, respectively. The 
longer retention time seen for I1 was predicted for the OV-17 column since 
I1 contains two more methyl groups than IV (diethyl uersus dimethyl, 
respectively). 


The possibility of thermal demethylation of IV in the injection port 
was investigated by injecting the tertiary analog (111) of neostigmine. Both 
compounds gave identical retention times (2 min). 


The effect of IV and I1 on acetylcholine and choline levels in rat brain 
is seen in Table I. Intraventricular administration of 30 nmoles of I1 
slgnificantly (p < 0.02) increased the brain concentration of acetylcholine 
(19.3 uersus 17.2 nmoledg). Increasing the dose of I1 to 60 nmoles also 
caused a significant ( p  < 0.05) but equal increase in acetylcholine con- 
centration (19.5 f 0.8) over that of the control. Thirty nanomoles of IV 
caused a more pronounced increase in acetylcholine levels than did I1 
(26.6 f 0.72 uersus 19.3 f 0.5 nmoles/g). Neither I1 nor IV significantly 
altered the choline concentration. Treatment with IV caused a noticeable 


Physiograph DMP-4A with myograph A, Narco Bio-Systems, Houston, Tex. 
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anergic syndrome (ataxia, lethargy, and reduced motor activity), whereas 
I1 did not. 


The effect of I1 on the ileal response to acetylcholine is shown in Table 
11. The diethyl analog alone (1 X M) produced a nonsignificant in- 
crease in the frequency of spontaneous contractions compared to resting 
tension. The ileal response to 2.8 X M acetylcholine was selected 
as representing 100% contraction. The contractile response to acetyl- 
choline in the presence of I1 was increased more than 400% ( p  < 0.01). 
In addition, the frequency and amplitude of the spontaneous contractions 
increased compared to acetylcholine alone. Freshly prepared solutions 
of I1 appeared to be more biologically active than older ones. While freshly 
prepared solutions of I1 increased the contractile force to acetylcholine 
(404%), solutions prepared 1 hr prior to use decreased it (33%). 


DISCUSSION 


The total yield for the synthesis of I1 was -60%. Most of the product 
was obtained over 2 days, with additional product precipitating over 2-3 
weeks. The diethyl analog (11) was freely soluble in water, chloroform, 
methanol, and acetone and was insoluble in cyclohexanone, pentane, and 
hexane. 


Water solutions of I1 appeared to turn light pink with time at  room 
temperature, suggesting that the compound was undergoing chemical 
modification in solution which might alter its biological activity. This 
possibility was confirmed by measuring ileal contraction, blood pressure, 
and the elevation of brain acetylcholine by 11. 


M), the contractile response to  acetyl- 
choline was increased over 400% (Table 11). This response suggested that 
I1 possesses cholinesterase-inhibiting properties. However, a t  a higher 
concentration (1 x M), the analog completely relaxed the ileum and 
abolished spontaneous rhythmicity, suggesting a more complex mecha- 
nism of action. A 1 X M solution of I1 after 1 hr a t  room temperature 
partially blocked (33%) the effect of acetylcholine on ileal tissue. 


Experiments on blood pressure demonstrated that I1 administered 
intravenously (0.025 mg/kg) possessed hypotensive activity. The vaso- 
depressor effects of the analog were variable and diminished with the age 
of the solution. For instance, the hypotensive response at  5 min was -80 
mm Hg, which decreased to -30 mm at  45 min. The loss of biological 
activity in the smooth muscle and blood pressure preparations confirms 
that I1 undergoes rapid molecular change that causes a loss of biological 
activity. The exact chemical or pharmacological reasons for these ob- 
servations are unknown. 


At both doses (30 or 60 nmoles intraventricularly), I1 produced an equal 
increase in brain acetylcholine levels (Table I). However, the elevation 
of acetylcholine was not as pronounced as that obtained following 30 
nmoles of IV. The lower potency of I1 compared to IV may be due to the 
loss of biological activity with time since acetylcholine levels were mea- 
sured at  l hr in brain. 


Compound I1 proved to be satisfactory as an internal standard in the 


In the presence of I1 (1 X 


GLC determination of IV (Fig. 1). The column and temperatures used 
provided good resolution with symmetrical peaks, which facilitated 
quantification. A previous report (9) indicated that IV could thermally 
demethylate in the injection port. Thermal demethylation under the 
present experimental conditions was confirmed by injecting the tertiary 
analog of IV, which had a retention time identical to that of IV. Fur- 
thermore, demethylation was essentially complete since chemical de- 
methylation (14) gave equal peak heights. Although aged solutions lose 
their biological potency, I1 can be used as an internal standard for the 
assay of IV since GLC sensitivity is unchanged with time. 
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Table VIII-Effects of Nicotinic Acid and Histamine on the Disapnearance of Theophylline from the Rat Rectum after 1 h r  of 
Perfusion 


Percent Lost 
Substance pH 4.5 pH 6.0 pH 6.8 pH 7.4 pH 8.9 


Theophylline only 7.8 f 1.5 5.2 i 0.3 - 4.7 f 0.2 4.0 f 0.2 
Nicotinic acid only 49.4 i 1.3 - 4.6 f 0.4 8.2 f 3.2 5.5 f 0.7 
Theophylline in presence of 1% nicotinic acid 9.8 f 2.8 - 5.9 f 3.7 5.1 f 0.9 6.1 f 5.5 


12.2 i 5.6 Theophylline in presence of 1% histamine 9.1 f 4.7 9.1 f 3.9 - 10.2 f 3.7 


bleeding from the rectum, probably as a result of damage to the rectal 
membrane, and, thus, promoted the disappearance of theophylline from 
the perfusate. 


Citrate and I do not appear to be absorbed from the rectum since the 
remaining chelating activity in the perfusate, measured according to the 
method of Ogino and Hayashi (4), was significant. This finding suggests 
that compounds that are not absorbed well themselves are not suitable 
adjuvants for rectal drug absorption. 


Comparison of Sodium Nicotinate and Histamine with Salicy- 
late-Another possible mechanism involves the effect of vasodilation 
and inflammation on the disappearance of theophylline from the per- 
fusate. In this regard, the effects of nicotinate and histamine on the dis- 
appearance of theophylline were studied. 


Neither histamine nor nicotinic acid significantly facilitated the dis- 
appearance of theophylline (Table VIII). At  pH 4.5, the disappearance 
of theophylline from the perfusate was not facilitated by nicotinic acid, 
although nicotinate was lost from the perfusate. The action of salicylate 
as an adjuvant probably does not depend on vasodilation or an inflam- 
matory action. 


Mechanistically, the enhancement of rectal absorption of theophylline 
by salicylate still is unclear. The nonionic and ionic forms of salicylate 


apparently have different paths through the membrane. It is possible that 
salicylate reduces the lipophilicity or increases the permeability of the 
membrane, perhaps by interacting with some substance in the membrane, 
e.g., calcium or magnesium ions, which may be present as structural 
features, and thus concurrently allows theophylline to pass through the 
rectal membrane. 
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Abstract 0 Methazolamide was determined in plasma, whole blood, and 
urine by a GLC-mass spectrometric method. Temporal patterns of 
methazolamide concentrations in plasma and red blood cells were ob- 
tained following single- and multiple-dose oral administration of the drug. 
The nonlinearity in the binding of the drug to the red blood cell carbonic 
anhydrase was evident from a comparison of plasma and red blood cell 
concentrations. The drug was cleared slowly from the red blood cells. The 
binding constants to the two isoenzymes of carbonic anhydrase were 
determined from the plasma and red blood cell concentrations and were 
in agreement with those determined by previous measurements. The 
half-life of elimination was 7.5 hr. The urinary recovery of unchanged 
drug was -25% of the administered dose. 


Keyphrases Methazolamide-time course and disposition in human 
plasma and red blood cells o GLC-mass spectrometry-analysis, 
methazolamide, human plasma and red blood cells 0 Distribution- 
methazolamide, time course and disposition in human plasma and red 
blood cells 


Methazolamide (5-acetylimino-4-methyl-A2-1,3,4-thi- 
adiazoline-2-sulfonamide) is a carbonic anhydrase inhib- 
itor used in the treatment of glaucoma. It is the methylated 
analog of the tautomer of acetazolamide. Both drugs re- 
duce the transport of ions from the secretory cells of the 
ciliary body into the nascent aqueous humor and decrease 
aqueous secretion through a local osmotic effect (1). In 


particular, inhibition of the carbonic anhydrase in the 
secretory cells of dogs reduces the bicarbonate flux (2) and 
sodium-ion flux (3) into the posterior chamber of the 
eye. 


The dynamics and distribution of drug following dif- 
ferent patterns and routes of administration have been 
studied much more extensively for acetazolamide than for 
methazolamide. All work to date on the determination of 
methazolamide in biological fluids and tissues has em- 
ployed the indirect enzymatic method developed by Maren 
and coworkers (4,5). This method is based on two facts: 
( a )  the rate of hydration of carbon dioxide catalyzed by 
carbonic anhydrase is reduced by an inhibitor present in 
a biological fluid; and ( b )  the rate of hydration or, equally, 
the rate of formation of carbonic acid or protons directly 
affects the time interval required to cause a given change 
in pH. Although methazolamide is metabolized signifi- 
cantly (only 25% is recovered as unchanged drug in the 
urine) in contrast to acetazolamide, which is not metabo- 
lized, the metabolites appear either to be very weak in- 
hibitors of carbonic anhydrase or to lack inhibitory po- 
tential (6). 


Plasma and red blood cell concentrations and the uri- 
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nary output of methazolamide were determined as a 
function of time following oral administration of the drug 
using a specific GLC-mass spectrometric method. The 
method employed the propionyl analog of methazolamide 
as an internal standard, methylated derivatives for chro- 
matography, and selective-ion monitoring for detection. 


EXPERIMENTAL 


Materials-Ethyl acetate, methylene chloride, hexane, benzene, and 
toluene of high purity were used as received'. Methyl iodide2 was diluted 
with methylene chloride to prepare a 1 M solution, which was used to 
alkylate methazolamide and the internal standard. 


A 0.1 M solution of tetrahexylammonium hydrogen sulfate, prepared 
in this laboratory, was used to catalyze the alkylation reaction. 


A saturated aqueous solution of silver sulfate? was used to remove 
tetrahexylammonium iodide, formed during the extractive alkylation, 
from the organic phase (7). 


A 0.5 M ammonium acetate buffer (pH 4.5) was prepared by titration 
of acetic acid with ammonium hydroxide. A 1 M aqueous sodium phos- 
phate? solution was used for the pH adjustment of the extracted biological 
fluid prior to extractive alkylation. 


Synthesis of 5-Propionylimino-4-methyl-A2-1.3,4-thiadiazoline 
2-Sulfonamide-The hydrochloride salt of 5-imino-4-methyl- 
A2-1 ,3,4-thiadiazoline-2-sulfonamide (I) was formed by the acid-cata- 
lyzed hydrolysis of methazolamide. Methazolamide (1 g) was dissolved 
in 20 ml of ethanol and 2 ml of concentrated hydrochloric acid, and the 
resulting solution was heated under reflux for 1.5 hr. After cooling, the 
solid was filtered off and dried, resulting in 800 mg of a crystalline white 
material. The NMR spectrum of this material was consistent with I and 
showed the absence of the acetylimino group present in methazola- 
mide. 


Propionic acid (1 ml), propionic anhydride (540 mg), and I (575 mg) 
were heated a t  120" for 2.5 hr. After cooling, 15 ml of water was added 
to the solution, and the mixture was extracted three times with 20 ml of 
ethyl acetate. The organic extract was washed with brine (20 ml), dried 
over anhydrous sodium sulfate, and evaporated. The crude material was 
dried under vacuum and recrystallized from ethyl acetate-ether to give 
143 mg of the desired compound, the propionyl analog of methazolamide. 
The compound melted a t  175-177'. 


Apparatus-A mass spectrometer4 was interfaced with a gas chro- 
matograph5. Chromatographic columns were prepared from empty glass 
columns (183 cm X 2 mm i.d.1, silanized, and packed with 3% OV-17 on 
Chromosorb W (AW, DMCS, 100-120 mesh). The column and injector 
temperatures were 180 and NO", respectively. The flow rate of the carrier 
gas (helium) was 25 ml/min. 


The methylated derivatives of methazolamide and the internal stan- 
dard were detected by selective-ion monitoring of the m/z  249 mass 
fragment, which is the base peak for the methylated derivative of both 
methazolamide and the internal standard. The ionizing voltage was 70 
ev. The retention times for the methylated derivatives of methazolamide 
and the internal standard were 7 and 11 min, respectively. 


Analysis of Methazolamide in Plasma and Whole Blood-A known 
quantity of the internal standard in methanol was added to a 1-ml aliquot 
ot plasma or a 0.5-ml aliquot of  whole blood in a 40-ml conical centrifuge 
tube. Distilled water (0.5 ml) was added to the whole blood to lyse the red 
blood cells. Two milliliters of 0.5 M ammonium acetate (pH 4.5) was 
added to the biological fluid. Each sample was extracted twice with 10 
ml of ethyl acetate by shaking the tube horizontally for 10 min and then 
centrifuging it to separate the organic and aqueous phases. 


The combined organic extracts were taken to dryness in a second 40-ml 
centrifuge tube under a nitrogen stream. One milliliter of 0.1 N HzSO4 
was added to the residue, and the aqueous solution was washed twice with 
10 ml of hexane. The aqueous solution then was adjusted to pH 10 with 
-1.50 p1 of 1 M sodium phosphate. 


Extractive methylation of methazolamide and the internal standard 
was effected by adding 50 jd of 0.1 M tetrahexylammonium hydrogen 
sulfate and 2.5 ml of freshly prepared methyl iodide in methylene chlo- 
ride. The centrifuge tube was sealed tightly with a polytef stopper, and 
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Figure 1-Temporal patterns of plasma Concentrations (open symbols) 
and red blood cell concentrations (solid symbols) for the subject ad- 
ministered a 50-mg tablet (A and A) and f o r  the subject administered 
a 150-mg solution of methazolamide (0 and 0). 


the contents were agitated6 a t  40° for 30 min. After centrifugation, the 
organic layer containing the permethylated derivatives was transferred 
to a 15-ml centrifuge tube and taken to dryness under a nitrogen stream. 
The residue was dissolved in 6 ml of benzene, and the benzene solution 
was washed twice with 2.5 ml of a saturated aqueous solution of silver 
sulfate. The retained organic layer was taken to dryness under a nitrogen 
stream. The residue was dissolved in toluene (LOO pl), and a few micro- 
liters of the solution was injected into the GLC-mass spectrometric 
system. 


The amount of methazolamide in the biological sample was determined 
from the area ratio of the responses of the permethylated derivatives 
(methazolamide to the internal standard) and the calibration curve. The 
concentration of methazolamide in the red blood cells ( C R B C )  was de- 
termined from: 


(Eq. 1) 


where CWR and C p  are the measured concentrations of methazolamide 
in whole blood and plasma, respectively, and H is the hematocrit. 


Analysis of Methazolamide in Urine-Aliquots (1 ml) were analyzed 
using the method described for plasma and whole blood, except that the 
residue, when dissolved in 0.1 N H2S04, was alkylated directly after 
adjustment to pH 10 with sodium phosphate and the hexane washes were 
omitted. 


Standard Curves-A standard curve was prepared by spiking 1-ml 
aliquots of plasma with 0.5,5,50,100,500,1000, and 5000 ng of metha- 
zolamide and a constant amount (250 ng) of the internal standard. The 
samples were prepared for GLC-mass spectrometric analysis as already 
described. The standard curve was obtained by plotting the area ratio 
of the responses of the m/z 249 fragments (methazolamide to the internal 
standard) uersus the amount of methazolamide added. The internal 
standard, when derivatized, exhibited a small peak with the retention 
time of the methazolamide derivative. The peak area ratio of the minor 
peak to the major peak was 0.0025, and this ratio was used to correct the 
peak area ratio for the standards. Linear least-squares analysis of the data 
yielded a slope of 3.2 X lo-" and a correlation coefficient of 0.999. 


Another standard curve, prepared using 0.5 ml of whole blood, had the 
same slope as that obtained with the spiked plasma samples. 


Aliquots (1 ml) of urine were spiked with 0.1,0.5,1.0,5.0, and 10 p g  of 
methazolamide and a constant amount (1 pg) of the internal standard. 
The samples were prepared for analysis as already described. The slope 
of the standard curve using urine was 0.87, with a correlation coefficient 
of 0.999. 
In Vivo Studies-Three male subjects were administered methazo- 


lamide. Subjects 1, 2, and 3 weighed 88, 77.3, and 84 kg, respectively. 
Plasma and red blood cell concentrations and the cumulative urinary 
excretion of methazolamide were determined in single-dose studies after 
administration of a 50-mg methazolamide tablet to Subject 1 and after 
oral administration of 150 mg of methazolamide as a solution to Subject 
2 and in a multiple-dose study after administration of 100-mg metha- 
zolarnide tablets (three times daily) to Subject 3. 


Blood from the subjects was drawn into 10-ml evacuated tubes con- 
taining heparin. The sample was divided into two parts: one part was 
centrifuged immediately to obtain plasma, and the other was retained 
for the analysis of whole blood. Hematocrits were determined. The blood 
samples were obtained at the times indicated in Figs. 1 and 2. Urine was 


Evapo-Mix, Buchler Instruments, Fort Lee, N.J. 


76 1 Journal of Pharmaceutical Sciences 
Vol. 70, No. 7, January 1981 







collected at  variable intervals following drug administration. The pH of 
the urine collections obtained from the multiple-dose study was deter- 
mined. 


RESULTS AND DISCUSSION 


Plasma and Red Blood Cell Concentrations (Comparison and 
Temporal Aspects)-The GLC-mass spectrometric method is sensitive 
to <1 ng of methazolamide/ml of plasma. The sensitivity is important 
in the study of drug distribution between plasma and erythrocytes when 
the concentrations are in the nanogram and microgram per milliliter 
range, respectively. A typical chromatogram is shown in Fig. 3. 


The temporal patterns of the plasma and red blood cell drug concen- 
trations in the subjects administered single doses of methazolamide are 
presented in Fig. 1. Three hours following administration of a 50-mg 
tablet to Subject 1, the red blood cell and plasma drug concentrations 
were 19.1 (80.9 pA4) and 0.078 pg/ml, respectively. With the assumption 
of a red blood cell volume of 2.6 liters (30 ml/kg), 49.7 mg, or nearly the 
entire dose, was sequestered by the red blood cells. Three hours after oral 
administration of 150 mg of methazolamide as a solution to Subject 2, 
the red blood cell and plasma drug concentrations were 36.1 (153 p M )  
and 1.37 pg/ml, respectively. The red blood cell drug concentration was 
equivalent to 84 mg or 56% of the dose present in the red blood cells. The 
plasma drug concentration thus varied by more than 17-fold and the red 
blood cell drug concentration by less than twofold for a threefold increase 
in the dose. 


Methazolamide binds reversibly to carbonic anhydrase (8). The in- 
teraction is describable by the law of mass action. Each enzyme macro- 
molecule has a single binding site for the drug molecule (9). Human 
erythrocytes have been reported to contain 156 p M  carbonic anhydrase, 
of which 20 p M  is the high-activity type C and 136 p M  is the low-activity 
type B (10). Maren et al. (6) reported that the total concentration of 
carbonic anhydrase in the human erythrocyte is variable (range 130-200 
p M ) .  Thus, the red blood cell concentration of methazolamide approaches 
the concentration of carbonic anhydrase in the erythrocytes following 
administration of the 150-mg dose but not following administration of 
the 50-mg tablet. 


The dramatic increase in the plasma concentration for a less than 
twofold increase in the red blood cell Concentration is a manifestation 
of the strong, nonlinear interaction of methazolamide with the red blood 
cell carbonia anhydrase. The free plasma concentration has been reported 
to be 45% of the total plasma concentration (11). The free drug rapidly 
penetrates erythrocytes (12). Therefore, the total plasma concentrations 
reflect the free intracellular concentrations. As the dose is increased and 
enzyme saturation is approached, the fraction of the dose bound to the 
carbonic anhydrase decreases due to the nonlinear nature of the binding. 
Consequently, a larger fraction of the dose is available to distribute in 
the total body water, and the plasma concentration increases rapidly. 


The temporal patterns of the plasma and red blood cell concentrations 
in Subject 3, administered the multiple-dose regimen of methazolamide, 
are presented in Fig. 2. The plasma concentration resulting from the first 
100-mg dose was insufficient to achieve a high fractional binding of the 
carbonic anhydrase, as judged by the reported concentrations of red blood 
cell carbonic anhydrase. 


Repeated doses of the drug resulted in steady-state plasma concen- 
trations of -9.5 pg/ml(40 p M ) ,  which was much higher than the maxi- 
mum plasma concentration observed in the first dosing interval (0.21 
pg/ml). The red blood cell concentration at steady state was -40 pg/ml 
(169 p M ) .  Under the steady-state condition, the carbonic anhydrase in 
the red blood cells is near saturation since the binding constants of the 
isoenzymes (to be described) are much smaller than the free concentra- 
tion of drug. If it is assumed that the cell water represents 63% of the 
volume of the red blood cells (lo), the concentration of bound drug and, 
therefore, carbonic anhydrase was -158 p M  [169 pLM - (0.63 X 0.45 X 
40 pM)] in Subject 3. 


The red blood cell concentrations appear to approach steady state 
significantly faster than the plasma concentrations (Fig. 2). Consideration 
of a simple system can demonstrate that this difference in the approach 
of the concentrations to their respective steady-state values is a mani- 
festation of the strong, reversible, nonlinear interaction between the drug 
and carbonic anhydrase. One can imagine a system in which there is a 
local equilibrium between bound and free drug: 


PF B = -  
K + F  (Eq. 2) 


where B is the concentration of bound drug, P is the concentration of 
binding sites, F is the concentration of free drug, and K is the dissociation 


Figure 2-Temporal patterns of plasma concentrations (0- -) and red 
blood cell concentrations (O-) for the subject administered a multi- 
ple-dose regimen. 


constant of the drug-macromolecule complex. Furthermore, it is assumed 
that the system is open such that the steady-state concentration of the 
free drug is determined by its infusion rate (mass flow) divided by the 
clearance of the free drug. Now at  steady state: 


Dividing Eq. 2 by Eq. 3 yields: 


(Eq. 3) 


(Eq. 4) 


where RF = F(t)/F,,,  RA = B(t) /B, , ,  and a! = K/F,,. 
As RF approaches 1, R s  approaches 1. However, RRIRF is always >1, 


except a t  steady state, where RA/RF = 1. In a system with strong binding 
and an infusion rate sufficient to ensure that F,, >> K ,  a << 1. Thus, under 
these conditions, R s  N 1 at times when the free concentration is an order 
of magnitude greater than K yet substantially less than F,, whatever the 
exact temporal dependence of the free concentration on the input 
rate. 


Urinary Recoveries, Renal Clearances, and Total Clearances- 
The amount of unchanged drug recovered in each dosing interval of the 
multiple-dose regimen is presented in Table I. The pH of the urine may 
have influenced the recovery of the drug. The pH of the urine collection 
and the amount of drug recovered for the sixth and ninth doses were low 
relative to the values for their respective preceding and following doses. 
Methazolamide is a weak acid with a pK value of 7.2 (12). Thus, it appears 
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Figure 3-Chromatogram of plasma sample calculated t o  contain 7.6 
ng of methazolamide. Peaks A and R correspond to the permethylated 
derivatives of methazolamide and the internal standard. respec- 
tively. 
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Table I-Renal Clearances following Administration of Methazolamide 


Dosage 
Time Interval, Amount Excreted, Volume, Renal Clearance', 


hr (dose) mg PH ml ml/min 


100 mg tid 0-8 (1) 


16-24 (3) 
24-32 (4) 
32-40 (5) 


8-16 (2) 


40-48 (6) 


0.783 
9.48 


11.4 
18.3 
19.3 
14.7 


6.71 
7.29 
7.20 
7.38 
7.24 
6.60 


145 
1480 
1000 
1185 
1005 
865 


10.9 
12.3 
9.2b 
7.6 
6.7 


48-56 (7) 28.6 6.97 880 7.2 
56-64 (8) 22.5 6.62 840 
64-72 (9) 11.0 5.70 350 
72-80 (10) 29.1 6.90 750 7 .O 
80-144 53.3 8.1 
0-144 218.4 7.1 


150 mg 0-72 17.9 8.0 


5.0b 


50 mg 0-327 6.5 7.7 


Based on total plasma concentration. * Plasma concentration not mapped over dosing intervals 3,5,6,8,  and 9. 


that tubular reabsorption of the drug is an important component in renal 
clearance. Methazolamide, in contrast to acetazolamide, is not secreted 
in the proximal tubules (6). 


The renal clearances for the dosing intervals also are presented in Table 
I. The renal clearance was calculated from the amount of unchanged drug 
excreted during a given time interval divided by the corresponding area 
under the plasma curve. The area was determined using the trapezoidal 
approximation. The renal clearances more or less correlated with the 
urine pH, as they should if tubular reabsorption is important. The average 
renal clearances for the 50-mg, 150-mg, and 100-mg tid doses were 7.7, 
8.0, and 7.1, respectively. These values are similar to the reported renal 
clearance (9.0 ml/min) expressed relative to the total plasma concen- 
tration (6). 


Maren et al. (13) showed that in dogs chronically administered high 
doses of acetazolamide, an initial bicarbonate loss ensued, followed by 
a period in which the dogs became refractory to further bicarbonate loss. 
The pH and volumetric flow of the urine also appeared to correspond to 
the rate of bicarbonate excretion. Thus, a similar phenomenon may have 
been operative during the multiple-dose regimen of methazolamide since 
there appeared to be an initial increase in both the pH and the volumetric 
flow. 


The total body clearance was estimated by subtracting from the dose 
the amount of drug remaining in the red blood cells (30 ml/kg) at the time 
of the last sampling and dividing this value by the corresponding area 
under the plasma curve. The contribution to the total amount of drug 
in the body at  the last sampling time was small, as reflected in the plasma 
concentration (Table 11). Furthermore, the contribution of the extrarenal 
carbonic anhydrase pool, which Maren et al. (6) claimed was <lo% of the 
total pool but which Lehmann et al. (14), suggested was approximately 
equal to the red blood cell pool was neglected. Furthermore, methazo- 
lamide was reported to be well absorbed (6), and absorption was assumed 
to be complete. The estimated total body clearances are presented in 
Table 11. 


I t  is possible that along with the influence of bicarbonate excretion on 
the renal clearance of methazolamide, the resulting metabolic acidosis 
influences its metabolic clearance. Conceivably, changes in the plasma 
pH relative to changes in the pH of the tissue fluids could cause a redis- 
tribution of the drug, as was observed with the weak acid phenobarbital 
(15), and, hence, alter its clearance. Multiple-dose regimens of 25 mg bid 
or 50 mg bid reduced the plasma pH from 7.41 to 7.35 (16). Thus, the total 
clearance is at  best an average over the changes of the acid-base balance 
caused by the drug. 


The ratio of the renal clearance to the body clearance should be equal 


Table 11-Total Body Clearances of Methazolamide 


Red Blood 
Cell 


Concen- Plasma Total 
tration, Concentration, Clearance4, 


Dosage Hours pg/ml d m l  ml/min 


100mgtid 744 4.53 0.019 27.4 
150mg 1082 4.06 0.0076 27.6 
50 mg 504 6.49 0.017 31.3 


Based on total plasma concentration. 


to the fraction of unchanged drug recovered in the urine, provided urine 
is collected for a sufficient time. The predicted fractional urinary re- 
coveries for the 50-mg, 150-mg, and 100-mg tid doses were 0.25,0.29, and 
0.26, respectively. 


In the multiple-dose study, the total amount of drug recovered in 
contiguous urine collections up to 216 hr was 228 mg or 23% of the ad- 
ministered dose (lo00 mg). Excretion rates were determined for 2-hr urine 
collections centered at  528 and 744 hr. Linear interpolation of excretion 
rates between the midpoint (204 hr) of the last contiguous urine collection 
and those determined at 528 and 744 hr gave a total urinary recovery of 
248 mg or 25% of the administered dose. This urinary recovery is similar 
to that reported by Maren et al. (6). 


Much longer times would be required for urine collections following 
the single-dose administrations compared to the multiple-dose regimen 
to obtain fractional urinary recoveries similar to those predicted by the 
ratio of the renal and total clearances. The amount of methazolamide 
recovered in contiguous urine collections up to 96 hr after administration 
of the 150-mg dose was 19.3 mg. Based on the excretion rates determined 
from short-duration urine collections centered a t  170,319, and 649 hr, 
39 mg (26% of the dose) would be expected to be obtained at 649 hr. Times 
far in excess of 649 hr would be required to obtain a reasonable estimate 
of the fractional urinary recovery, following administration of the 50-mg 
dose, solely on the basis of contiguous urine collections. The smaller the 
dose, the larger is the fraction of the dose that will be bound (reversibly) 
to the carbonic anhydrase because of the saturable nature of the binding. 
Thus, the smaller the dose, the longer are the periods required for most 
of the drug to be cleared because the enzyme effectively buffers the drug, 
permitting only small free concentrations of the drug to be cleared. 


Metabolites-Approximately 75% of the dose was not accounted for 
as unchanged drug in the urine. Therefore, the urine was analyzed for 
the presence of metabolites. Deacetylated methazolamide, an interme- 
diate in the synthesis of the internal standard, represented a possible 
metabolite. The type B isoenzyme of carbonic anhydrase has esterase 
activity (17). Hence, the isoenzyme might be expected to catalyze the 
hydrolysis of the acetylimino bond of methazolamide. Deacetylated 
methazolamide could be extracted with ethyl acetate from urine, con- 
verted to a trimethyl derivative, and detected by selective monitoring 
of the molecular ion (m/z 236). Deacetylated methazolamide was not 
detected in urine collected during the multiple-dose administration to 
Subject 3. 


Besides deacetylated methazolomide, no other metabolites were de- 
tected using mass fragmentography and the described workup. 


Methazolamide-Isoenzyme Dissociation Constants-The plasma 
and red blood cell concentrations obtained following administration of 
the 150-mg dose of methazolamide were used to estimate the dissociation 
constants of the isoenzyme-methazolamide complexes. The unbound 
plasma concentration (45% of the total concentration) was assumed to 
be in equilibrium with the intracellular free concentration at all times. 
The mass transport coefficient for the transport of the drug across the 
red blood cell membrane is -7 l i t edmin  based on the reported rate 
constant of 195 hr-1 (12). This clearance is much greater than the total 
body clearance, which is 60 ml/min based on the free plasma concentra- 
tion. Therefore, a virtual equilibrium of drug between the plasma and 
intracellular water seems reasonable. 


The concentration of intracellularly bound methazolamide was cal- 
culated by subtracting the product of the unbound plasma concentration 
and the fraction of cell water (0.63) from the total red blood cell con- 
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Figure 4-Binding isotherm of methazolamide to red blood cells. 


centration. A Rosenthal plot (Fig. 4) was constructed by plotting the ratio 
of the bound drug concentration to the unbound drug concentration in 
the plasma against the bound drug concentration. The curvature of the 
plot indicates multiple binding sites for methazolamide. Since it was 
shown that there is one binding site per carbonic anhydrase molecule (9), 
the curvature may be a manifestation of the two isoenzymes of carbonic 
anhydrase present in the human erythrocyte. The binding curve was 
resolved by a graphical procedure into linear segments that  reflect the 
two isoenzymes (18). The dissociation constants for the type B-metha- 
zolamide complex and the type C-methazolamide complex are 0.6 and 
0.007 pM, respectively. The estimated concentrations of isoenzyme B 
and isoenzyme C are 165 and 18 pM, respectively. 


The concentrations of methazolamide required to reduce the hydration 
rates of carbon dioxide by 50% (150) a t  25' were reported to be 0.016 and 
0.017 pM for reactions catalyzed by the type C and type B isoenzymes, 
respectively (6). Since the enzyme concentrations were maintained low 
relative to the measured 150 values (181, these inhibitory concentrations 
are similar to the dissociation constants of the respective methazola- 
mide-enzyme complexes. The inhibitory activities of methazolamide on 
the carbonic anhydrase in red blood cells were similar a t  4,22, and 37" 
(10). 


There is reasonably good agreement between the dissociation constant 
determined from the kinetic measurement and that determined from the 
binding analysis for the type C isoenzyme (0.016 and 0.007 p M ,  respec- 
tively). However, there is a large difference in these values for the type 
B isoenzyme (0.017 and 0.6 pM, respectively). Anions have been shown 
to reduce significantly the catalytic activity of isoenzyme B, whereas they 


have little effect on the catalytic activity of isoenzyme C (17). The con- 
centration of chloride and bicarbonate ions in the red blood cell reduces 
the activity of isoenzyme B to 8% of that in the absence of the anions (17). 
Therefore, the inhibitory constant for isoenzyme B in the presence of 
chloride and bicarbonate ions is 0.2 pM, which is similar to the value 
determined from the Rosenthal plot. 


The presence of the chloride and bicarbonate anions in the erythrocyte 
influences the distribution of the drug in the physiological situation. In 
principle, the same fractional inhibition of a given isoenzyme in various 
h u e s  should result a t  equilibrium. Thus, if 99% inhibition of the type 
C isoenzyme in the secretory cells of the ciliary process is achieved, a re- 
quirement for substantial intraocular pressure lowering (6), the type C 
isoenzyme in the erythrocyte will be 99% inhibited. However, the percent 
inhibition of the type B isoenzyme in the erythrocyte will be significantly 
less due to the presence of the anions, even though the intrinsic binding 
constants (binding constants in the absence of anions) of the two isoen- 
zymes are similar. 


The dissociation constant for acetazolamide and human red blood cell 
carbonic anhydrase (presumably type B) was determined from in oitro 
equilibration studies; a mean value of 1.6 ~ L M  was reported (19). This 
value is approximately an order of magnitude larger than the 150 value 
of 0.25 p M  reported by Maren et  al. (6). This trend is exactly the same 
as was observed with methazolamide and, again, probably is the result 
of competition by the intracellular anions, yielding an apparent disso- 
ciation constant that is larger than the true dissociation constant. 


Influence of Binding on Decline in Plasma and Red Blood Cell 
Concentrations-Kruger-Thiemer and coworkers (20, 21) discussed 
the influence of protein binding on the temporal patterns of plasma and 
plasma water concentrations of sulfonamide-type drugs. The diminishing 
steepness in the log plasma concentration-time curves was explicable 
in terms of the nonlinearity introduced by protein binding. The similar 
curvature in the temporal patterns of the plasma methazolamide con- 
centrations is probably a manifestation of the binding of the drug to 
carbonic anhydrase rather than to plasma proteins. The fractional 
binding to plasma proteins has been reported to be constant over the 
therapeutic range of plasma concentrations. 


The decline in plasma concentrations following the administration of 
the 10th dose to Subject 3 can be fitted to a model in which the distri- 
hution of the drug is rapid relative to the elimination, the elimination is 
proportional to the free concentration of drug, and the binding of the drug 
to the two isoenzymes is described by the law of mass action. Similar 
models were discussed by other investigators (20,22,23). The differential 
equation describing such a model is: 


2. E;K;  


and the integrated equation is: 


where QH is the total body clearance expressed relative to the free plasma 
concentration, V is the volume of distribution of free drug, f is the fraction 
unbound in the plasma, V p  is the volume of distribution of serum albumin 
(24), Ei is the molar amount of isoenzyme i, K,  is the dissociation constant 
of' the isoenzyme i-drug complex, C; is the intial free plasma concen- 
tration, and C / ( t )  is the free plasma concentration at time t .  The times 
for the observed plasma concentrations were evaluated using the values 
of the parameters shown a t  the bottom of Table 111, varying V, E l ,  and 
E2 to obtain the best fit to Eq. 6. The predicted times and the sampling 
times, expressed relative to the time of the initial concentration, are 
presented in Table 111. 


Table 111-Predicted and Observed Times a in the Decline of Plasma Concentrations following the 10th Dose of the Multiple-Dose 
Regimen 


Free Plasma Concentration, ~ L M  
18.2 12.2 9.05 4.10 1.18 0.743 0.0544 0.0362 


Calculated from Eq. 6 0 4.45 7.94 18.2 47.3 69.5 480 616 
Ex erimentally 0 4 8 20 44 68 452 668 


l e t  ermined 
Values are in hours. * The parameter values were: QB = 3.5 literdhr, f = 0.45, V = 30 liters, V ,  = 6.6 liters, El  = 500 pmoles, K1 = 0.6 pM, E z  = 150 pmoles, and K2 


= 0.007 pM. 
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The agreement between the predicted and adjusted sampling times 
is reasonably good. However, a volume of distribution of free drug of 30 
liters rather than the volume of total body water (50 liters) was used to 
obtain the predicted times. Also, the total molar amount of carbonic 
anhydrase (650 pmoles) employed was intermediate between the amount 
suggested by Maren et d. (6) (-400 pmoles) and the amount (-900 
pmoles) suggested by Lehmann et d. (14). However, recognizing the 
limitations of such a simple model, it nevertheless strongly suggests that 
carbonic anhydrase acts as the storage site for the drug. 


The plasma concentrations following the administration of methazo- 
lamide in general will not decline as a simple exponential function of time, 
even if the drug distributes rapidly and the clearance is concentration 
independent, The interaction of the drug with the carbonic anhydrase 
masks this behavior. When the free concentrations are such that the 
concentration-dependent volume terms are made small relative to the 
concentration-independent volume terms (see denominator of Eq. 5), 
the plasma concentrations appear to decline in a simple exponential 
fashion over the initial portion of the time course. Under these conditions, 
the predicted half-life is 7.5 hr, using the parameters a t  the bottom of 
Table 111. This predicted half-life is approximately the same as the 
half-life observed over the first three data points of the decline where the 
free plasma concentrations are large relative to K1 (Fig. 2). This half-life 
was called the intrinsic half-life by Kriiger-Thiemer et al. (21); in this 
simple model, it is the half-life for elimination not masked by the drug- 
macromolecular interaction. 


When the free plasma concentration has declined into the range of the 
dissociation constant of the isoenzyme B complex, the buffering effect 
of the isoenzyme on the free plasma concentration becomes apparent. 
The ratio of the bound concentration to the free concentration increases 
as the plasma concentration decreases with time. The apparent volume 
of distribution of free drug (total amount in the body divided by the free 
concentration) increases as the ratio increases (23). The apparent volume 
of distribution of free drug (Vd/) for this system is: 


The reciprocal of the expression on the right side of Eq. 5, which can be 
considered as the instantaneous time constant, is not simply Vq/QB. At 
least for those times when the volume term, which is dependent on the 
interaction of the drug with isoenzyme 2, is negligible, the denominator 
in Eq. 5 can be expressed as a relatively simple function of vd/, 
namely: 


where: 


(1 - f )Vp  v/= v+- 
f 


and: 


(Eq. 9) 


Thus, as the apparent volume of distribution increases, the instantaneous 
time constant increases from V, as a function of the square of the dif- 
ference between the apparent volume of distribution and V,. Since the 
instantaneous time constant increases as a function of an increase in the 
apparent volume of distribution, which in turn increases with a decrease 
in the plasma concentration, the slope of the log plasma concentration- 
time curve decreases strongly with a decrease in the plasma concentration 
in the transition region. 


During the later time periods, the exceedingly slow decline in the 
plasma concentration is controlled by the strong binding of the drug to 
the type C isoenzyme. In principle, the plasma concentrations will decline 
exponentially as a function of time, with a half-life greatly in excess of 
the intrinsic half-life, when the free plasma concentration becomes small 
relative to the dissociation constant of the isoenzyme C-drug complex 
(22, 23). Plasma concentrations more than an order of magnitude less 
than those observed in the present study are required to observe this 
phenomenon. 


The persistence of methazolamide in the red blood cells 1082 hr after 
administration of the 150-mg dose is a manifestation of the strong binding 
between the drug and the high activity type C carbonic anhydrase. At 
this time, the red blood cell concentration was 4.1 pg/ml; therefore, the 
red blood cells still contained 6.2% of the dose. The corresponding plasma 
concentration was 7.6 ng/ml (Table 11). Drug is eliminated from the body 


very slowly, because the intracellular concentration of freely diffusible 
inhibitor in the erythrocytes and other tissues containing the enzyme is 
maintained small by the strong interaction of the drug with carbonic 
anhydrase. 


Red blood cell and plasma concentrations were studied as a function 
of time in dogs administered acetazolamide intravenously (8). Although 
plasma concentrations were not measured directly after 24 hr because 
of the lack of assay sensitivity, plasma concentrations were calculated 
from the urinary excretion rates and the clearance. When the plasma 
concentration declined to a level such that the intracellular concentration 
of freely diffusible inhibitor was only a few percent of the total red blood 
cell concentration, the drug in the red blood cells acted as a source for that  
in the plasma. The total red blood cell concentration then declined slowly 
because of the small intracellular concentration of freely diffusible in- 
hibitor. 


An exceedingly slow decline ( t l / z  = 120 days) in human blood of an 
anticonvulsant drug, 2-amino-4-phenyl-sulphenylbenzenesulfonamide, 
was reported (25). The drug was shown to bind strongly to both isoen- 
zymes of carbonic anhydrase in the human erythrocyte. 


Usefulness of Methazolamide in Comparison to Acetazola- 
mide-Methazolamide and acetazolamide inhibit the high activity type 
of carbonic anhydrase (type C) present in the ciliary body to the same 
degree (6). The plasma protein binding of methazolamide is significantly 
less than that of acetazolamide, 55 compared to 93%, respectively, in the 
therapeutic range of plasma concentrations (6, 11). Therefore, if the 
mechanism for the reduction in aqueous secretion and, hence, intraocular 
pressure were due solely to  the inhibition of carbonic anhydrase, equal 
concentrations of the freely diffusible inhibitors, or a total plasma con- 
centration of methazolamide, only 15% that  of acetazolamide would be 
required for an equivalent response at steady state. Furthermore, since 
the membrane permeability of methazolamide is a t  least one order of 
magnitude greater than that of acetazolamide (12), an even greater dis- 
parity may exist in the dosage requirements with the pulsed delivery 
offered by conventional dosage regimens. Maren et al. (6) showed that 
methazolamide is distributed more uniformly than acetazolamide in rat 
tissues after oral administration of the drugs. 


The systemic acidosis that  results from a decrease in bicarbonate 
reabsorption due to the inhibition of renal carbonic anhydrase contributes 
to the reduction in intraocular pressure (6, 16). The resulting systemic 
acidosis is greater for acetazolamide than for methazolamide at equivalent 
plasma concentrations and was postulated to be due to the active secre- 
tion and accumulation of acetazolamide, but not methazolamide, in the 
proximal tubule (6). 


A correlation has been demonstrated between side effects sufficiently 
severe to cause discontinuation of therapy and the degree of systemic 
acidosis (plasma carbon dioxide combining power of <21 mEq/liter; 
control, 27 mEq/liter) following multiple-dose regimens of either ace- 
tazolamide or methazolamide (26). The studies of Maren et d. (6) and 
Stone et al. (16) showed that the side effects became more severe with 
an increase in the acidotic state. Maren et al. (6) also suggested that the 
formation of renal stones may be due to the decrease in urinary output 
of citrate that occurs with an increase in systemic acidosis. 


Thus, as pointed out previously (6,16), low dose regimens of metha- 
zolamide, in which the side effects are minimized, rather than the con- 
ventional regimens of acetazolamide would be a rational therapy in pa- 
tients whose intraocular pressures are controlled by the direct action of 
the inhibitor on the ciliary body carbonic anhydrase. 
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Abstract  0 ‘W-NMR spectral assignments of the Strychnos alkaloids 
brucine and strychnine have been reported by numerous investigators. 
One recent report contained several disparities in the assignments that 
were attributable to incorrect determinations of spin multiplicities. The 
source of the inaccuracies in the spin-multiplicity determinations of very 
complex molecules is discussed, and several additional techniques for 
the determination of these multiplicities are described that are less 
subject to interpretational errors than the conventional and routinely 
employed single-frequency off-resonance decoupling methods. These 
procedures are applied using brucine as a representative example. 


Keyphrases ‘“C-NMR spectroscopy-determination of resonance 
multiplicities, brucine Brucine-determination of resonance multi- 
plicities Resonance multiplicities-brucine 


Several recent reports dealt with the l3CC-NMR spectral 
assignments of strychnine, brucine, and related Strychnos 
alkaloids (1-9). The assignments in one report (8) for 
several resonances in both strychnine and brucine are in 
direct conflict to those reported previously. It is possible 
that errors occurred in this work that were due to the in- 
correct determination of spin multiplicities for the reso- 
nances in question. 


The results obtained from two complementary methods 
that can provide unambiguous determination of the res- 
onance multiplicities in even the most complex 13C-NMR 
spectra are presented using brucine as an example. These 
methods are alternatives to conventional single-frequency 
off-resonance decoupling techniques and can be executed 
on modern Fourier transform spectrometers with only 
minor modification. 


RESULTS AND DISCUSSION 


A spectral parameter that  is readily accessible for the pulsed Fourier 
transform technique and that provides an alternative method for the 


determination of spin multiplicities is the spin-lattice relaxation time, 
7’1 (10-12). Experimental evidence strongly supports the premise that 
in molecules of moderate size, the lH-13C dipolar mechanism is pre- 
dominantly responsible for ‘“C-NMR relaxation. On this basis, for 
molecules that tumble a t  rates in excess of the motional narrowing limit 
(Larmor resonance frequency), the relaxation rate may be expressed 
as: 


l/TpD = Nh2-y&y&r&, (Eq. 1) 


where yc and YH represent the magnetogyric ratios of the 13C and ’H 
nuclei, respectively, and h2 is Planck‘s constant. Thus, relaxation is de- 
termined by the terms Nr& and T,, where the former term is modu- 
lated by the number of protons at specific internuclear distances (typi- 
cally, relaxation is mediated by the directly attached protons, if any), 
while the latter term is the reorientational correlation time, typically 
10-12-10-10 sec for natural products of moderate molecular weight k e . ,  
mol. wt. 250-1000) (13). 


A further requirement is that the molecule tumble in a random fashion 
(isotropic), which can strictly be true only for spherical molecules or close 
approximations such as adamantane (14). In practice, however, the re- 
laxation of a relatively large number of molecules has been found to 
conform to this simple requirement, thereby allowing the use of Eq. 1 
rather than the more complex equations necessary to describe ordered 
(anisotropic) reorientation. This behavior leads to the very useful result 
that the relaxation time of a given carbon is inversely proportional to the 
number of directly attached protons. Thus, in relatively rigid cyclic 
compounds, methylene resonances are expected to undergo relaxation 
a t  a rate twice as fast as methine carbons. In contrast, methyl groups are 
capable of an internal reorientation in addition to the overall isotropic 
reorientation, which imparts a different reorientational correlation time, 
7, (referred to as T~ by some investigators), typically on the order of 
10-’~’-10-” sec, resulting in longer relaxation times. In the extreme case, 
these relaxation times can be up to three times as long as those observed 
for methine resonances. 


In complex molecules in which large numbers of carbon resonances 
have substantially similar chemical shifts, thereby preventing the un- 
ambiguous interpretation of single-frequency off-resonance decoupling 
spin multiplicities, relaxation considerations present a viable alternative 
for the demonstration of this information. This consideration is especially 
useful where a methylene carbon bears nonequivalent (anisochronous) 
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Abstract 0 NMR analyses of quinidine and other cinchona alkaloids 
and their monoprotonated salts in deuterium oxide and in deuterochlo- 
roform revealed that the molecules assume new conformations in polar 
and nonpolar media, affecting the protonation site and hydrophilic- 
lipophilic characteristics. The ion-pair feature of the salts is lost and the 
molecules assume a neutral feature when they are transferred from an 
aqueous to a lipoid phase. Hydrophobic bonds between the molecules 
and their environment and within the molecule itself may affect the 
binding of cinchona alkaloids to membranes in biological fluids. 


Keyphrases 0 Quinidine-impact of stable conformation on protona- 
tion site, effect of polar and nonpolar solvents on conformation, NMR 
analyses 0 Alkaloids, cinchona-impact of stable conformation on pro- 
tonation site, effect of polar and nonpolar solvents on conformation, 
NMR analyses 0 Conformation-impact on protonation site of quinidine 
and other cinchona alkaloids, effect of polar and nonpolar solvents, NMR 
analyses 0 NMR spectroscopy-analyses of quinidine and other cinchona 
alkaloids, impact of stable conformation on protonation site, polar and 
nonpolar solvents 


The protonation site on the quinidine molecule (I) might 
have an important bearing on its disposition, protein 
binding, and activity in the body. When the nitrogen of the 
quinuclidine ring of I is uncharged at  pH 10, the number 
of receptor areas in albumin increases from one to three, 
possibly because the polar effect of the positively charged 
nitrogen is lost (1). At pH 7.4, however, the quinuclidine 
ring apparently does not play a great part in the binding 
of I to albumin, as was demonstrated in the competitive 
inhibitory effects of related quinoline compounds on the 
binding of I to albumin (2). It was postulated (3) that the 
cardiac action of I may result from special orientation of 
the molecule at interfaces, with binding of the quinoline 
ring to membrane lipoprotein and with the charged qui- 
nuclidine ring in the aqueous phase affecting ion move- 
ment across the cardiac cell (Fig. 1). 


Any factors that may change the protonation site in I, 
such as the polarity of the surrounding medium and the 
dependence of conformation on this polarity, might affect 
the binding of I to plasma or cell or enzyme protein and, 
hence, its distribution, activity, and metabolism. This 
study explored the dependence of hydrophilic-lipophilic 
and structural properties of the salts of I and other cin- 
chona alkaloids on solvent polarity. NMR analyses of the 
alkaloids and their salts were utilized. 


H H  


I 


H H  


I11 


V VII 


Q =  CH30m 
M 


EXPERIMENTAL 


NMR spectra were obtained at  300 MHz using an analytical NMR 
spectrometer’ equipped with an automatic recorder. Tetramethylsilane 
in deuterochloroform and 2,2,3,3-tetradeutero-3-(trimethylsilyl)propionic 
acid sodiumZ and tetrahydrofuran in deuterium oxide were the internal 
standards. Pure quinidine (I), quinidine monohydrochloride (II), hy- 
droquinidine (III), and hydroquinidine monohydrochloride (IV) were 
obtained from commercially available quinidine sulfate USP3. Pure 
quinine (V), quinine monohydrochloride (VI), hydroquinine (VII), and 
hydroquinine monohydrochloride (VIII) were obtained from commer- 
cially available quinine sulfate USP4. Hydrogenation of I and V was 


Bruker W.H. 300. 
2 Merck AG, Darmstadt, West Germany. 
3 Sigma Chemical Co., St. Louis, Mo. 
4 New York Quinine and Chemical Works, New York, N.Y 
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Table I-Chemical Shift Values of the Protons of I, 111, V, and 
VII (20 f 1 mg/0.5 ml) 


Proton I I11 V VII 


H-2‘ 8.58 (d) 8.57 (d) 8.48 (d) 8.45 (d) 


H-8’ 7.93 (d) 7.91 (d) 7.89 (d) 7.84 (d) 
( J  = 4 Hz) ( J  = 4 Hz) ( J  = 4 Hz) ( J  = 4 Hz) 


( J  = 9 Hz) (J  = 9 Hz) ( J  = 9 Hz) ( J  = 9 Hz) 
H-3‘ 7.51 (d) 7.53 (d) 7.47 (dl 7.41 (d) 


H-5‘ 7.16 (d) 7.11 (broads) 7.21 (d) ‘ 7.i4 (broads) 
( J  = 2 Hzl ( J  = 2 Hz) 


H-10 
H-C-9- 


H-11 


6.03(m) ’ - 5:71 (m)-’ - 
-OH 5.61(d) 5.83 (d) 5.53 (d) 5.48 (d) 


( J  = 4 Hz) 
5.07 (broad s) - 4.95 (d) - 


H-11 5.02 (broad s) - 4.90 (d) - 


CH30 3.83 (s) 3.77 (s) 3.86 (s) 3.78 (5) 


( J  = 4 Hz) ( J  = 4 Hz) 


( J  = 16 Hz) 


( J  = 10Hz) 


( J  = 3 Hz) 


s = singlet, d = doublet, m = multiplet, and q = quartet. Values are expressed 
in parts per million. 


conducted in a pressure reaction apparatus5. Pure quinoline (IX) and 
quinoline hydrochloride (X) were obtained from commercially available 
quinoline6. TLC and preparative TLC were carried out on aluminum 
oxide GF 2547 plates. 


For NMR spectra measurements of the salts in deuterium oxide, an 
internal standard such as tetrahydrofuran (the chemical shifts of which 
were determined relative to 2,2,3,3-tetradeutero-3-(trimethylsilyl)pro- 
pionic acid sodium) had to be used since the NMR spectra of the samples 
containing 2,2,3,3-tetradeutero-3-(trimethylsilyl)propionic acid sodium 
did not completely match the spectra without an internal standard. These 
discrepancies may originate from a proton transfer from the nitrogen to 
the carboxylate group of 2,2,3,3-tetradeutero-3-(trimethylsilyl)propionic 
acid sodium or from its influence on the mode of association of the cin- 
chona salts. Since tetrahydrofuran was not completely without effect on 
association between molecules, except in the spectra of X, the absolute 
chemical shift values were eventually determined by matching the spectra 
in the presence and absence of the two different internal standards. This 
technique was possible because most chemical shifts, especially those on 
the margins, coincided. 


Purification of Commercial I and V-Purification was carried out 
according to a procedure described previously (4). Table I lists the NMR 
data. 


Reduction of I to 111-Compound 1(1 g) was dissolved in ethanol (50 
ml) in a suitable vessel. Palladium-on-carbon (5%, 0.1 g) was added, and 


Figure _I_J 1-Quinidine membrane binding hypothesis (3). 


Parr Instrument Co., Moline, Ill. 
Hopkin and Williams, Ltd. 
Stahl, Merck. 


the hydrogenation was allowed to proceed for 1.5 hr a t  room temperature 
in the pressure reaction apparatus. The catalyst was removed by filtration 
through very retentive filter paper, the ethanol was evaporated, and I11 
was readily crystallized. Table I lists the NMR measurements. Compound 
I11 was purified by preparative TLC (4). 


Reduction of V to VII-Hydrogenation and purification were con- 
ducted as already described. Table I lists the NMR data. 


Purification of IX-Purification was carried out according to a known 
procedure (5). 


Preparation of Hydrochloride Salts-Each free base (I, 111, V, VII, 
and IX) was dissolved in an accurate amount of dilute aqueous solution 
of hydrochloric acid. Water was removed under reduced pressure or al- 
lowed to evaporate spontaneously, and the residue of each salt was dried 
to constant weight. 


RESULTS 


Comparison of the NMR data of I and I1 in deuterochloroform revealed 
that the aromatic protons of the pyridine ring in I1 moved to a lower field. 
The deviation of H-2’ was 0.01 ppm, and that of H-3’was 0.15 ppm. This 
result is to be expected in protonated pyridine (6). In contrast, the protons 
of the benzene ring in I1 experienced a shielding effect and shifted upfield 
H-8’ to 0.25 ppm, H-5’ to 0.37 ppm, and H-7’ to 0.38 ppm. In X (Table 
11), all aromatic protons absorbed at a lower field under the influence of 
the protonated nitrogen. These differences are attributable partly to the 
methoxy group at C-6’. 


An outstanding deshielding effect on the proton H-C-g-OH, which 
appeared as a singlet, was observed in I1 when it moved 0.89 ppm down- 
field. This shift is in agreement with the reported value for a proton that 
is alpha to protonated nitrogen or for vinylogous hydrogen. It probably 
applies also to a proton alpha to a positively charged carbon (or to vinyl- 
ogous hydrogen) such as C-2’ and C-4’ in the quinoline cation. 


These deviations observed in the chemical shifts may be rationalized 
if the protonation site is assumed to be on the quinoline nitrogen and not 
on the quinuclidine nitrogen, which has a much higher pKa value. Had 
the protonation taken place on the quinuclidine nitrogen, the proton 
H-C-9-OH would have been deshielded to a lesser extent (0.35 pprn). 


NMR data of I1 in deuterochloroform and in deuterium oxide showed 
that the proton H-C-%OH, appearing as a singlet, shifted downfield only 
by 0.42 ppm in the latter, indicating that this proton could not be at  a 
position alpha to protonated nitrogen. Other evidence was provided when 
the chemical shift valyes of the aromatic protons of the salts in the dif- 
ferent solvents were compared. In deuterium oxide, the H-2’ and H-3’ 
protons and some protons of the benzene moiety resonated at lower fields 
(Table 11). These observations imply that the protonation site is on the 
quinuclidine nitrogen in deuterium oxide. 


Table I1 also shows that in I1 in deuterium oxide, as compared to the 
free base in deuterochloroform, the methoxy protons and all aromatic 
protons, except H-8’, experienced a paramagnetic effect. 


NMR analyses of 111, V, and VII and their salts (IV, VI, and VIII) in 
the two different solvents (Table 11) demonstrated the same trend in 
chemical shifts, although they varied in their intensity. This finding in- 
dicated that the protonation site in these molecules is the same as that 
observed in I, i .e. ,  on the quinoline nitrogen in the nonpolar solvent and 
on the quinuclidine nitrogen in the polar solvent. 


DISCUSSION 


Theoretically, protonation on the quinoline nitrogen should cause a 
paramagnetic effect on all aromatic protons, as was observed in X. In I1 
in deuterochloroform, the diamagnetic effect observed on the benzene 
ring protons was attributed to the methoxy group at C-6’. The electron- 
releasing ability of this group, the capability of the molecule to pass to 
another conformation, and the concomitant bonding of a proton to the 
quinoline nitrogen in the neutral molecule increase the probability of 
protonation on this nitrogen. In VI in deuterochloroform, the paramag- 
netic effect on the pyridine protons was more pronounced than in I1 
whereas the diamagnetic effect on the benzene protons was reduced 
(Table 11). This result is expected when the conformations and pKa 
values of the two molecules are compared. 


Protonation on the quinoline nitrogen causes the molecules to assume 
a new stable conformation in which the steric requirements for proton- 
ation on the quinuclidine nitrogen are more severe since it is now less 
exposed. This change is reflected in the change in the dihedral angle 
between the C-8 and C-9 protons. In the salts, this angle approaches 90° 
and is caused by rotation about the C-8-C-9 bond. The arrangement of 
the protons alpha to the quinuclidine nitrogen with respect to the aro- 
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Table 11-Differences between the Chemical Shift Values a of the Salts (11, IV, VI, VIII, and X) and the Free Bases (I, 111, V, VII, and 
IX) (20 i 1 mg/0.5 ml) 


I1 - I IV - I11 VI - v VIII - VII x - IX 
DzO CDC13 DzO CDC13 DzO Proton CDC13 Dz0 CDC13 DzO CDCl3 


H-2' 
H-3' 
H-5' 
H-7' 
H-8' 


+0.01 
+0.15 
-0.37 
-0.38 
-0.25 


H-10 -0.02 
H-C-9-OH +0.89 
H-11 +0.15 
H-11 +0.15 
CH30 -0.33 
H-4 - 
H-6 - 


$0.12 
+0.26 
+0.09 
+0.13 
-0.09 


+0.42 
+0.22 
+0.21 
+0.16 


- 


- 
- 


+0.07 +0.15 
+0.26 +0.33 
-0.31 +0.22 
-0.28 +0.26 
-0.12 +0.03 


+1.10 +0.16 
- - 


+0.19 
+0.30 
-0.34 
-0.27 
-0.11 
-0.18 
+0.90 
+0.08 
f0.08 
-0.23 
- 
- 


+0.25 
+0.43 
+0.07 
4-0.19 
-0.05 
-0.10 
+Of0 - 


b - 
+0.07 - 
- 


f0.16 
+0.42 
-0.20 
-0.17 
+0.02 


+0.92 
- 
- 
- 


-0.14 
- 
- 


+0.29 
+0.43 
+o. 11 
f0.16 
- 
- 


+0.62 - 
- 


+0.22 
- 
- 


+ = downfield shift, and - = upfield shift. Overlap with water. Values are expressed in parts per million. 


matic rings is greatly dependent on the dihedral angle; therefore, their 
chemical shifts in the salts will differ from those in the free bases. The 
extent of these differences helps to establish the nature of the new ro- 
tamers. Four of the five protons alpha to the quinuclidine nitrogen in I1 
in deuterochloroform moved 4 . 3 3  ppm downfield in comparison to the 
same protons in the free base as a result of being closer to the pyridine 
ring. Proton H-8 in I1 was -1 ppm downfield in comparison to its 
chemical shift in I as a result of facing the pyridine ring instead of the 
benzene ring. In V, the proton alpha to the quinuclidine nitrogen that 
was the most deshielded was one of the C-6 protons (Table 111) since the 
new conformation placed it closer to the pyridine ring. 


Supporting evidence for differences in conformation was provided by 
the analysis of the chemical shifts of vinylic and the methoxy protons in 
deuterochloroform. In 11, the methylene protons at  C-11 appeared at  a 
field lower than that of their counterparts in the free base, and the 
chemical shift of the methine proton at  C-10 was practically unchanged. 
In VI, the reverse behavior was observed when compared to its free base. 
This finding suggests that, in I, the vinylic moiety is arranged a& in A and, 
in V, i t  is arranged as in B (Fig. 2). The protons of the methoxy group in 
the salts (11, VI, and VII) resonated at a higher field than in the free bases. 
Protonation on the quinoline nitrogen should have caused a deshielding 
effect on these protons. The fact that a diamagnetic effect was observed 
instead implies that the conformation of the molecules had changed 
greatly; i.e., a rotation of 180' around the C-4'-C-9 bond had occurred. 
In this new conformation, the protons of the methoxy groups are within 
the shielding zone of the vinyl and ethyl cone, the nonpolar hydrophobic 
moieties are on one side of the molecule, and the two nitrogens are on the 
opposite side. In IV, the protons of the methoxy group experienced the 
expected paramagnetic effect since the suggested rotation did not take 
place because of severe steric requirements of the ethyl group at  C-3. 


NMR analysis of I1 in deuterium oxide revealed that the protonation 
site was on the quinuclidine nitrogen, as expected in such a polar solvent, 
since the positive charge on this nitrogen is stabilized by solvation. It 
further showed that the molecule assumed a new conformation. This 
change was best reflected in the pronounced paramagnetic effect on the 
methoxy, vinylic, and some aromatic protons in this solvent uersus 
deuterochloroform. 


Changes in conformation also were reflected in the NMR data of I1 in 
deuterium oxide and of the free base in deuterochloroform. The para- 
magnetic effect observed on almost all protons of II in deuterium oxide 
could be rationalized if strong hydrogen bondings between the solvent 
and polar groups in the molecule took place. These enhanced hydrogen 
bondings are a result of the lipophilic nature of the cinchona alkaloids 
and the high free energy content of these molecules in aqueous solution. 
The hydrogen bonding between the methoxy group and the solvent 
nullifies the electron-releasing ability of this group; consequently, the 
aromatic protons in the benzene ring do not move to higher field. Hy- 


Table 111-Chemical Shift Values a of the Protons Alpha to the 
Quinuclidine Nitrogen of I and V (20 f 1 mg/0.5 ml) 


Proton I Proton V 


+0.30 
+0.67 
+0.42 
f0.33 
+0.59 - 
- 
- 
- 
- 


+0.82 
+0.35 


+0.10 
+0.66 
+0.23 
+0.26 
-0.01 
- 
- 
- 
- 
- 


+0.82 
+0.32 


A B 


Figure 2-Arrangement of the vinylic moiety in I and V .  


drogen bonding between the pyridine nitrogen and the solvent caused 
the observed shift in the protons of this group. To account for the pro- 
nounced shift of H-8' to a higher field in the salt in deuterium oxide, the 
anisotropy of the quinoline nitrogen lone pair has to be invoked. This 
effect is present in the free base in the nonpolar solvent and is eliminated 
in the salt in deuterium oxide as LL result of hydrogen bonding (solvation). 
Since neutral moieties are involved in hydrogen bonding (7,8), only the 
anisotropic effect of the nitrogen lone pair on the neighboring protons 


MEMBRANE 
u 


XI 
H."* 


' 
8 /OLH3 n u H 'c' 


1 


H-8 3.47 (9) OH) H-6 3.49 (m) (1H) 
H-2 3.07 (m) OH) H-6 + H-8 3.06 (9) (2H) 
H-2 + H-6 2.93 (a) (2H) H-2 2.65 (m) (2H) 
H-6 2.80 (m) (1H) 


m = multiplet, and q = quartet. Values are expressed in parts per million. 
Figure 3-Penetration of the monohydrochloride salt of I (11) through 
a membrane. 
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comes into play. In the ion-pair counterpart, such as may exist in the 
protonated molecule, additional effects appear. 


CONCLUSION 


On the basis of NMR analyses of the salts of some cinchona alkaloids, 
it was concluded that the protonation site on these molecules varies with 
their spatial orientation and the nature of the solvent. In the process of 
changing the conformation, when moving from a polar to nonpolar sol- 
vent, the basicity of the quinuclidine nitrogen is reduced as the quinu- 
clidine and quinoline moieties get closer to each other. The proton is 
transferred from the quinuclidine nitrogen to the quinoline nitrogen, the 
ion-pair feature, which enhances hydrophilic capacity, is lost, and the 
molecule assumes a neutral feature with stronger hydrophobic bonds. 
As a result of this process, the hydrophilic-lipophilic properties of the 
molecule change in favor of a more lipophilic character. 


These findings may have an important bearing on the passage of I and 
its congeners from an aqueous to a lipoid phase. Thus, the molecule not 
only is adsorbed to a membrane, as suggested in Fig. 1, but also penetrates 
the membrane (Fig. 3). Given the opportunity, the solute will forsake the 
aqueous solution for the organic environment. 


The variation in conformation found in the studied cinchona alkaloids 


NOTES 


and their salts may contribute to their differences in biological ac- 
tivity. 
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Abstract 0 An aqueous extract of the flowering tops of Strumpfia 
maritima exhibited antifertility activity in female rats. The extract also 
contained the flavonol glycoside narcissin. This article represents the first 
reported isolation of this flavonoid from the Rubiaceae, as well as the first 
reported phytochemical and pharmacological investigation of the genus 
Strumpfia. 


Keyphrsses D Strumpfia maritima-biological and phytochemical 
investigation, isolation of narcissin Narcissin-isolation from 
Strumpfia maritima (Rubiaceae) 0 Antifertility activity-narcissin, 
flavonoid isolation from Strumpfia maritima 


Strumpfia maritima Jacq. (Rubiaceae) is a low, mari- 
time shrub found in southern Florida (l), the Bahamas (2), 
Venezuela (3), and Curacao’. The plant has a folkloric use 
as a mosquito repellent (2) and contraceptive1. In uiuo 
testing of aqueous methanol extracts showed that the roots 
were devoid of antimalarial activity (4). This paper de- 
scribes a preliminary screening of extracts of S. maritima 
for antifertility activity, as well as the isolation of narcissin 
from one of these extracts. 


RESULTS AND DISCUSSION 


The powdered, defatted flowering tops of S.  maritima were extracted 
with methanol. A phytochemical screening of this extract for alkaloids, 


Data collected by J. F. Morton. 


saponins, sterols, cardenolides or bufadienolides, flavonoids, tannins or 
polyphenols, anthraquinones, and cyanogenic glycosides (5) revealed the 
presence of sterols, tannins and/or polyphenols, and flavonoid glyco- 
sides. 


A methanolic extract was concentrated to dryness and partitioned 
between chloroform and water. Preliminary antifertility experiments 
showed that the aqueous extract administered daily (100 mg/kg ip) to 
rats significantly decreased the number of implantation sites relative to 
the number of corpora lutea of pregnancy ( p  = 0.023). No such decrease 
was seen in control rats treated simultaneously with the vehicle, 10% 
polysorbate 20. Furthermore, no such effect was seen in rats treated with 
either the petroleum ether or chloroform extracts, tested simultaneously 
with the 10% polysorbate 20 vehicle and sterol diluent control groups, 
respectively. These results are listed in Table I. 


To isolate the biologically active compound(s) from the aqueous ex- 
tract, the fraction was extracted with water-saturated 1-butanol, and the 
resulting organic extract was chromatographed over polyamide. Elution 
with distilled water and water-methanol afforded a yellow, microcrys- 
talline flavonoid glycoside as a major component. 


The UV spectrum of the isolate using standard shift reagents (7)  in- 
dicated the presence of free 5-, 7-, and 4‘-hydroxyl functions on the fla- 
vonoid nucleus. Hydrolysis of the glycoside with dilute acid (7) yielded 
isorhamnetin (melting point, mixed melting point, and UV, IR, PMR, 
and mass spectra were identical to the authentic compound) and two 
sugars. The sugars, present in equal proportions, were identified as glu- 
cose and rhamnose by TLC (8). A comparison of the UV spectra for the 
isolate and its aglycone in the presence of shift reagents indicated that 
the sugars were attached at  position 3 of the aglycone. The PMR spec- 
trum of the isolate as the trimethylsilyl ether showed signals for the 
rhamnosyl C-1 proton at  4.25 ppm and for the rhamnosyl methyl protons 
as a broad peak at0.85 ppm, indicating that the rhamnoglucoside contains 
a rutinosyl rather than a neohesperidosyl moiety (7). Finally, the isolate 
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components compared to the mixing index based on complete random 
mixing theory. The mixing indexes based on complete random mixing 
do not approach unity for any of the three drug components used in this 
study. These9esults suggest that mixing of cohesive powders is a complex 
process and cannot be fully explained by simple theory based on complete 
random mixing. 


The analyses of multicomponent mixing were based on fundamental 
statistical concepts. The mixing index based on standard specifications 
provides satisfactory evaluation of mixing multicomponent cohesive 
powders. The mixing index of Ashton and Valentin (17) may be used to 
evaluate multicomponent mixing systems of the type described in this 
paper, although it has some disadvantages. 


Recently, Wang et al. (2) applied multivariate statistical analysis to 
the mixing process and to a mixture of multicomponent solid particles. 
They used three types of lucite spherical particles which had identical 
properties except color. Since it is an interesting approach for evaluating 
multicomponent mixing, future work directed in this vein using a more 
practical multicomponent system would elucidate the understanding of 
mixing. 
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Abstract 0 The multicomponent mixing for cohesive powders was 
evaluated by multivariate statistical methods. Tests were carried out for 
the sampling technique, completely random state and completely seg- 
regated state. Hotelling’s statistics were not helpful in testing the practical 
sampling technique. Comparisons of the mixing indexes based on uni- 
variate and multivariate statistics indicated excellent consistency in 
optimizing mixing time. Neither mixing index approached unity because 
cohesive powders do not reach a completely random state. The multi- 
variate mixing index was smaller than the univariate indexes largely due 
to interparticular forces among small cohesive particles. 


Keyphrases Mixing-of multicomponent cohesive powders, evalua- 
tion of homogeneity using multivariate statistical analysis 0 Pow- 
ders-multicomponent mixing of cohesive powders, evaluation of ho- 
mogeneity using multivariate statistical analysis 0 Dosage forms, de- 
sign-multicomponent mixing of cohesive powders to determine ho- 
mogeneity of mixture, comparison of univariate and multivariate sta- 
tistical analyses 


Theories concerning the state of mixedness of solids 
generally deal with univariate statistical analysis of the 
sample standard deviation and the theoretical standard 
deviation (1-6). However, almost all processes of experi- 
mentation, data collection, and observations are multi- 
variate in nature. Multivariate analysis deals with sum- 
marization, representation, and interpretation of data 
sampled from populations where the variables yield 
measures of more than one characteristic (7-9). In phar- 
maceutical practice, the drug(s) and excipient(s) being 
mixed vary in their particle-size distribution, inter- and 
intraparticular forces, mixing composition, shape, etc. 
From a statistical viewpoint, analysis of heterogeneous 


solid mixtures using the univariate statistical approach 
does not account for the interactions and statistical de- 
pendency of individual components. 


Recently, Wang et al. (10) applied multivariate statis- 
tical analysis to the mixing process and to a mixture of 
multicomponent solid particles. They used three types of 
spherical particles with identical properties except 
color. 


The mixing of three organic carboxylic acids with mi- 
cronized lactose, all cohesive in nature, was studied (11) 
using a cylindrical shear mixer. The results were evaluated 
by the mixing indexes based on univariate statistics. This 
paper analyzes the previous experimental results using 
multivariate statistical methods. Comparisons of the re- 
sults of the mixing indexes based on univariate statistics 
(6) and multivariate statistics (10) indicate excellent 
consistency in optimizing mixing time for mixing multi- 
component cohesive powders. Due to interparticular forces 
among small cohesive particles, the resulting multivariate 
mixing index was smaller than the univariate index of in- 
dividual components. Neither mixing index approached 
unity, indicating that the mixing of cohesive powders is not 
completely random. 


THEORETICAL 


In the univariate normal distribution, measurement of the effect is 
evaluated through independent random events. The problems arising 
in the multivariate populations are mostly straightforward analogies of 
the problems arising in univariate populations. For a single variable, the 
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central limit theorem leads to the univariate normal distribution; for 
several variables, the general limit theorem leads to the multivariate 
normal distribution. The suitable methods of analysis are based mainly 
on the standard operations of matrix algebra. 


For a univariate normal distribution, variable Y was taken from the 
normal distribution N: 


Y - N(p, u2) (Eq. 1) 


where p is the population mean and uz is the population variance. 


mean po, t statistics is used: 
To test if the sample mean x is equal to the hypothetical population 


(Eq. 2) (X - PO) t = (N)1/2 - 
S 


where N is the number of observations in the sample and S is the sample 
standard deviation. 
In the multivariate statistics, a vector random variable Y ,  which is a 


p-element vector, and T2 statistics proposed by Hotelling are used: 


T2 = N(P  - po)'S-l(Y - po) (Eq. 3) 


where P is the mean vector of a sample of N number, S is the sample 
variance-covariance matrix that is the unbiased estimation of the dis- 
persion, and the prime is the transpose of the matrix. 


Multivariate Test of Sampling Technique-In sampling a p-variate 
normal population, it is assumed that: 


y;  - N p h  Z) (Eq. 4) 


Y ;  = [Yll Y l Z  . , . YlPl  (Eq. 5 )  


Y ;  = b21 Yzz . . . YZPl 


or: 


. . . .  . . . .  . . . .  
yN= [YNl YNZ . .  . YNpl 


(Eq. 7) 


where p is the sample mean vector, Z is the variance-covariance matrix, 
and Y; is the p-vector random variable where i = 1,2, . . . N. 


Next, the null hypothesis Ho ( p  = po) is tested against the alternative 
hypothesis H1 ( p  # PO). The most likely estimator of the centroid is an 
unbiased estimator and is given by: 


P = -( 1 N  x Yi)  
N i - 1  


The most likely estimator of the dispersion or variance-covariance matrix 
S is given by: 


(Eq. 9) 


If the Hotelling statistics T2 > T$p,+l), the null hypothesis that the 
mean has not been significantly biased at  level a is rejected. Thus, 
7'$ ,N 1) denotes the upper a! percentage point of the T2 distribution. 


'herejection of the null hypothesis Ho, p = po, indicates that the 
sample mean is significantly different from the population mean. This 
result could be due to improper location and spacing of the spot samples, 
bias during sampling, or a peculiar segregation tendency that favored the 
concentration of one material in some small area. 


Multivariate Test for Completely Random and Completely Seg- 
regated States-The criterion in multivariate analysis is to determine 
if the variance-covariance matrix of the mixture is significantly different 
from that of a completely random state. The test for a completely seg- 
regated state could be performed in a similar fashion. 


Given Y;. Yk, and Y N  as observation vectors of the p + 1 component 
from Np(p ,  Z), the most likely ratio criterion for testing the null hy- 
pothesis Ho: 


Z = 20 (Eq. 10) 


against the alternative hypothesis H1 (Z # ZO), where ZO is the specified 
variance-covariance matrix as given by (12): 


It was shown'(12) that: 


X = -2 In XI (Eq. 12a) 


X = pN(1n N - 1)-N In IBZ;'J + tr (B2;')  (Eq. 126) 


is distributed approximately as a x2 random variable with p(p  + 1)/2 
degrees of freedom when Ho is true. Thus, the null hypothesis is rejected 
at  the significance level a if X > x ~ ( J J ( ~  + 1)/2). 


For the spot sample of size N taken from a completely random mixture, 
the particles in the mixture are expected to be randomly distributed. 
Assume the random variables (XI, Xp . . . Xp+l) for a mixture of ( p  + 1) 
components, where X, is the number of j components occurring among 
the n repetition of the event. Hence, X, = n,, n, = 0, 1, . . ., n, and 


(Eq. 13) x, = - 


where x, denotes the number proportion of type; particles in the mixture. 
The probability of a spot sample to contain n1 particles of type 1, n2 
particles of type 2, and n@+1) particles of type ( p  + 1) was given as the 
probability function: 


x, 
n 


P(X1 = n1, x2 = n z .  . . X@+1) = np+1) 


where: 


P+ 1 


i -  1 
x c i I . 1  


and c, is the fraction concentration of component i in the mixture. In a 
four-component system, nl + nz + n3 + n4 = n and c1 + cz + c3 + c4 = 
1. 


These random variables, XI, X Z ,  . . . X @ + 1 ) ,  with the function given 
above have a multinomial probability distribution that is a generalization 
of the binomial distribution. The mean, variance, and covariance of the 
probability density (13), respectively, are: 


E(X,) = nc, (Eq. 15) 


(Eq. 16) 


(Eq. 17) 


VAR(X,) = dJ(1  - C,) 


COV(Xi, X , )  = -nc,c; 


Hence, for a completely random state, Zr may be expressed as: 
rcl(i - cl) -clcz . . . -clcp 1 


(Eq. 18) 1 -c1cz cz(1 - c z )  . . . -c2cp 
. . .  . . .  . . .  Zr = - 


i i 
-clcp -czcp . . . cp(l-cp) 


In the completely segregated state, particles of the same kind aggregate 
together. The variance-covariance matrix for the completely segregated 
state is: 


VAR(xi) = ci(1- c i )  (Eq. 19) 


(Eq. 20) C O V ( X ~ ,  xj )  = - C i c j  


For a completely segregated state, Z, can be expressed as: 
p l ( i  - cl) -clcz . . . -clcp 1 


(Eq. 21) 
-c1cz cz(1-  cz) . ... . . -czcp 


... . . .  
-cpcz . . . cp(l - c p )  


Multivariate Mixing Index for Multicomponent Mixture-Wang 
et al. (10) proposed a mixing index for a multicomponent mixture that 
can range between 0 and 1, based on the value of the determinant of the 
variance-covariance matrix a t  the completely segregated state and that 
a t  the completely random state: 


(Eq. 22) 


where: 


IS 1 = determinant of sample variance-covariance matrix 
12, I = determinant of variance-covariance matrix at completely 


segregated state 
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0.1062 
0.2916 
0.2346 
0.3576 
0.3690 
0.1440 
0.0702 
0.0852 
0.0828 
0.0696 
0.0036 
0.0066 
0.0027 
0.0036 
0.0027 
0.0057 
0.0045 
0.0033 
0.0039 
0.0042 


0.0272- 
0.0332 
0.0510 
0.0910 
0.1474 
0.1446 
0.0134 
0.0212 
0.0154 
0.0156 
0.0009 
0.0019 
0.0482 
0.0009 
0.0001 
0.0010 
0.0128 
0.0113 
0.0003 
0.0028, 


'0.408 
0.2832 
0.2664 
0.4044 
0.4836 
0.1392 
0.1596 
0.1752 
0.144 
0.0408 
0.0204 
0.0186 
0.0138 
0.0216 
0.0126 
0.0264 
0.0198 
0.0270 
0.3855 


-0.0468 


Table I-Sample Mean and Standard Deviation 


Mixing 
Number Time, min Mean Recovery f SD 


1 1 I 0.1535 f 0.1583 
I1 0.0926 f 0.1233 


111 0.0320 f 0.04507 
15 


25 


~~ 


I 0.1237 f 0.0266 
Ii 0.0640 2 0.0305 


111 0.0224 f 0.0104 
I 0.1182 f 0.0058 
I1 0.0594 f 0.0060 


111 0.0199 f 0.0018 
35 


45 


55 


65 


I 0.1210 f 0.0058 
I1 0.0602 f 0.0051 


111 0.0203 f 0.0024 
I 0.1208 f 0.0015 
I1 0.0607 f 0.0023 


111 0.0205 f 0.0011 
I 0.1192 f 0.0016 
I1 0.0601 f 0.0019 


111 0.0202 f 0.0018 
I 0.1205 f 0.0017 
I1 0.0601 f 0.0033 


111 0.0201 f 0.0011 


with a sample mean of: 


- Y - ' ( N  C Yi ) = - ; o ( [ ]  0.1062 


0.0272 N i-1 


8 75 I 0.1178 f 0.0023 
11 0.0596 f 0.0029 


111 0.0196 f 0.00048 
I 0.1179 f 0.0043 


11 0.0606 f 0.0033 
111 0.0200 f 0.0011 


9 90 


0.2832 0.0468 0.1535 
+ 0.2916 + . * *  0.0042 [ 0.033d [ 0.0021) = [:::El (Eq. 26) 


12, I = determinant of variance-covariance matrix at completely 
random state The sample variance-covariance matrix is: 


(Eq. 27a) RESULTS AND DISCUSSION 


The experimental results of the multicomponent mixing (11) are 
summarized in Table I. As the mixing time increased, the mean compo- 
sition of the individual components became closer to the theoretical 
values until plateau values were reached. The standard deviations de- 
creased up to 45 min of mixing time, after which the standard deviation 
increased or decreased depending on the individual components. 


To test for the sampling technique, the null hypothesis Ho: 


(Eq. 276) 1 20 
19 i-1 


s = - (Yi - Y)(Yi  - P)' 


0.2505 X lo-' 0.1529 X lo-' 0.3910 X 


S = 0.1529 X 10-1 0.1520 X 10-I 0.4126 X 10-2 
0.3910 X 0.4126 X 10-l 0.2032 X 


(Eq. 27c) 
1 
1 0.1040 X lo3 -0.112 X loD 0.2733 X lo2' 


-0.1120 X lo3 0.2673 X lo3 -0.3271 X lo2 


1 
0.2733 X 10' -0.3271 X lo3 0.1104 X 104 


[F]  = 14 0.02 (Eq. 23) 


was tested against the alternative hypothesis HI: [F] f [i] (Eq. 28) 


(Eq. 29a) 


For the first time point: 


0.0320 0.0320 
(Eq. 25a) 


(Eq. 296) 


T2 = 20 X [0.0335 0.0326 0.01201 S-' 0.0326 (Eq. 29c) 


(Eq. 29d) T2 = 20 X 0.0811 


T2 = 1.6217 (Eq. 29e) 


T&5(3,19) = 10.729 > 1.6217 (Eq. 30) 


Thus, Ho was accepted. 
Table I1 gives the'results of the sampling technique test. Comparison 


of the data in Tables I and I1 indicates that the smaller the difference in 
the mean vector from the initial composition, the larger the Hotelling 
statistic value is. As the mixing time increased, the Hotelling statistic 


I:::::] 0.2832 [ 0.0331 
Yz.: 0.2916 (Eq. 256) 


(Eq. 25c) 
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Table 11-Test of the Sampling Technique 


Mixing 
Time, 
min 


1 


15 


25 


35 


45 


55 


65 


75 


90 


Hotelling's Acceptance of 
T2 Ho Variance-Covariance Determinant 


1.6217 


1.1159 


3.0466 


0.8262 


8.4767 


5.2375 


1.8884 


31.2681 


7.5040 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


N O  


Yes 


0.2505 X 10-l 
0.1529 X 10-1 
0.3910 X 
0.7064 X 
0.7618 X 
0.1843 X 
0.3323 X 
0.2648 X 
0.5387 X 
0.3397 X 
0.2159 X 
0.7391 X 
0.2319 X 


-0.4899 X 
0.5543 X loe6 
0.2608 X 


-0.3062 X 
0.6129 X 
0.2750 X 
0.3027 X 


-0.8375 X 
0.5323 X 
0.4861 X 
0.9437 X 
0.1832 X 
0.4772 X 
0.1489 X 


0,1529 X lo-' 
0.1520 X lo-' 
0.4126 x 
0.7618 X 
0.9299 X 
0.2036 X 
0.2648 X 
0.3584 X 
0.4664 X 
0.2159 X 
0.2563 X 
0.1849 X 


-0.4899 X 
0.5282 X 
0.8504 x 


-0.3062 X 
0.3571 X 


-0.7514 X 
0.3027 X 
0.1077 X lo-* 


-0.2977 X 
0.4861 X 
0.8507 X 
0.8758 X 
0.4772 X 
0.1092 X 
0.2353 X 


0.3910 X 10W2 
0.4126 x 
0.2032 X 
0.1843 X 
0.2036 X 
0.1078 X 
0.5387 X 10-5 
0.4664 X 
0.3148 X 
0.7391 X 
0.1849 X 
0.599 X 


0.5543 X 
0.8504 X 
0.1304 X 
0.6129 X 


-0.7514 X 
0.3552 X 


-0.8375 X 
-0.2977 X 


0.1215 X 10-5 
0.9437 X 
0.8758 X 
0.2293 X 
0.1489 X 
0.2353 X 
0.1251 X 


0.1333 X 


0.455 X lo-" 


0.111 x 10-14 


0.1496 X 


0.1263 X 


0.3022 x 


0.3558 x 


0.1343 X 


0.1295 X 


value increased so that a value of 31.268 was obtained a t  75 min. This 
finding resulted in the rejection of the null hypothesis, indicating that 
the sample mean is not equal to the theoretical composition. However, 
the data a t  75 min of mixing indicated that the sample mean was very 
close to the theoretical mean. If it is assumed t h a t  


Y 1 =  Y 2  = Y 3 . .  . Y Z O  (Eq. 31) 


Y; = P (Eq. 32) 


This leads to a variance-covariance of zero. Hence, T2 is infinitely large 
and the Hotelling statistic T 2  would be >>> T&n-l). Hence, the null. 
hypothesis ( p  = pa) would be rejected a t  any given po except when po = 
P. 


This procedure leads to the conclusion that when there is small vari- 
ance between 20 samples, the small differences between the sample mean 
vector and the theoretical mean (PO) would tend to reject the null hy- 
pothesis when it should accept it. This result also could be due to the 
interactions between the mix components and the mixer, which were not 
accounted for in this analysis. 


Thus, the Hotelling statistics is sensitive to small errors introduced 
in the theoretical composition of the three components during weighing, 
which could lead to false rejection of the best time points in evaluating 
powder homogeneity. 


At early time points, the significant differences between the sample 
mean and theoretical mean were offset by the large value of the deter- 
minant of the variance-covariance matrix, leading to acceptance of the 
null hypothesis. 


then: 


Table 111-Test of Completely Segregated and Completely 
Random State 


Mixing 
Time, 
min 


1 
15 
25 
35 
45 
55 
65 
75 
90 


Statistic X Statistic X 
Rejection Segregated Rejection 


Random State of Ho State of Ho 
0.548 X 1013 Yes 0.9114 X lo2 Yes 


0.2585 X 10l2 Yes 0.2846 X lo3 Yes 
0.9852 X 1Olo Yes 0.4504 X lo3 Yes 
0.9493 X 1Olo Yes 0.4444 X lo3 Yes 
0.1520 X 1O1O Yes 0.5399 X lo3 Yes 
0.2194 X 1O1O Yes 0.5225 X lo3 Yes 
0.2286 X 1O'O Yes 0.5192 X lo3 Yes 
0.1883 X 1O'O Yes 0.5847 X lo3 Yes 
0.3710 X 1O'O Yes 0.4934 X lo3 Yes 


T o  test for the completely random state after 1 rnin of mixing, Eq. 18 
gives: 


[ 0.12 X 0.88 -0.12 X 0.06 -0.12 X 0.021 
-0.06 X 0.12 0.06 X 0.94 -0.06 X 0.02 
-0.02 X 0.12 -0.06 X 0.02 0.02 X 0.98 


4.275 X 10" 
2, = 


(Eq. 33a) 


1 2.47 x 10-13 -1.68 x 10-14 -5.61 x 10-15 
-1.68 X 10-14 1.32 X -2.81 X (Eq. 336) 
-5.61 x 10-15 -2.81 x 10-15 4.58 x 1 0 4 4  


To investigate if a completely random state was reached after 1 rnin of 
mixing at 60 rpm, the null hypothesis Ho is tested: 


1 2.47 x 10-13 -1.68 x 10-14 -5.61 x 10-15, 


-5.61 x 10-15 -2.81 x 10-15 4.58 x 10-14 
2 = 2, = -1.68 X 10-14 1.32 X 10-13 -2.81 X 10-15 (Eq. 34) [ 
against the alternative hypothesis HI ( 2  # &). 


From Eq. 126: 


X = 3 X 20 X (In 20 - 1) - 20 X In IB2;'l + t r ( B 2 ; ' )  (Eq. 35) 
and: 


(Eq. 36) 


since: 


X = 0.548 X 1013 > 12.6 (Eq. 37) 


the null hypothesis is rejected, and the mixture did not attain a com- 
pletely random state after 1 min of mixing a t  a significance level of 
0.05. 


T o  test for the completely segregated state from Eqs. 19 and 20: 


(Eq. 38) 1 0.1056 -0.0072 -0.0024 
2, = -0.0072 0.0564 -0.0012 


-0.0024 -0.0012 0.0196 I 
To investigate if the mixture remained completely segregated after 
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Table IV-Comparisons between Univariate and  Multivariate 
Mixing Indexes 


~ ~ ~ 


Mixing 
Time, 
min Univariate (Eq. 42) Multivariate (Eq. 22) 


1 


15 


25 


35 


45 


55 


65 


75 


90 


0.61 
0.64 
0.66 
0.71 
0.72 
0.74 
0.79 
0.80 
0.83 
0.79 
0.81 
0.81 
0.85 
0.84 
0.85 
0.845 
0.85 
0.83 
0.84 
0.83 
0.85 
0.83 
0.83 
0.88 
0.80 
0.83 
0.85 


0.2901 


0.4606 


0.5619 


0.5586 


0.6094 


0.6005 


0.5988 


0.6319 


0.5852 


1 min of mixing, the null hypothesis Ho is tested: 


(Eq. 39) 


(Eq. 40) 


(Eq. 41) 


I 0.1056 -0.0072 -0.0024 
8 = 8, = -0.0072 0.0564 -0.0012 


-0.0024 -0.0012 0.0196 


X = 0.9114 X lo2 


I 
against the alternative hypothesis H1 (Z # Zs). 


Equation 12b gives: 


since: 


X = 0.914 X lo2 > 12.6 


The null hypothesis Ho is rejected. 
Table I11 gives the results of these two states as a function of mixing 


time. At early mixing times, the value of the X statistics for testing 
complete randomness decreased. At later mixing times, a major change 
in X statistics did not occur, indicating that the powder system used in 
this study was unable to reach a completely random state. This finding 
confirms earlier (11,14) results that cohesive powders do not reach a state 
of complete randomness. 


For testing the segregation state, the X statistics also increased at  the 
initial mixing times. After 1 min of mixing, segregation tendency was not 
observable (Table 111). Wang et al. (10) showed that large spherical 
particles segregated after 2 min of mixing. Thus, the segregation tendency 
is largely dependent on the physical properties of the system. 


The results of the mixing index of Ashton and Valentin (6) were re- 
ported previously (11). This mixing index based on univariate statistical 
analysis (Eq. 42) is similar to that proposed by Wang et al. (lo), which 
is based on multivariate analysis (Eq. 22): 


where of S2, and o: are the variances in the initial, intermediate, and 
ultimate random conditions, respectively. 


Comparisons of the mixing indexes based on univariate and multi- 
variate analyses are given in Table IV. The powders in the multicompo- 
nent heterogeneous system interact with each other and are affected by 
other components before an optimized mixed state is reached. The in- 
terparticular dependency among the particles of each component was 
considered through the variance-covariance matrix, and the results were 
a scalar quantity instead of the three individual quantities. Due to the 
interparticular forces among the small cohesive particles, the resulting 
multivariate mixing index is expected to be smaller than the univariate 
mixing indexes of individual components. The values of both mixing 
indexes increased with mixing time until there was a very small change. 
The results suggest that an optimized mixing time was -45-55 min, which 
is consistent using both approaches. 
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Abstract 0 A new method for determining the charge on carrier-free 
99mTc-labeled complexes is described. This method and mixed-ligand 
experiments were used to determine if the charge on the technetium 99m 
complex of N- (2,6-dimethylphenylcarbamoylmethyl)iminod~acet~c acid 
(I) is -1 and if the ligand to technetium ratio in the complex is 2:l. The 
preparation of an iodinated analog (11) of I and its wmTc-labeled complex 
is described, as is the biodistribution of the ggmTc-labeled complex in 
mice. The syntheses of the Wr(111)- and 57Co(~~~)-Iabeled complexes also 
are described. The net biliary excretion in mice of both the 9gmT~-  and 
Wr-labeled complexes of I1 was significantly greater than that of the 
99mTc-labeled complex of I. 
Keyphrases 0 N- (2,6-Dimethylphenylcarbamoylmethyl)iminodiacetic 
acid-complexation with technetium 99m, electrophoretic determination 
of charge on carrier-free 99mTc-labeled complexes, synthesis and evalu- 
ation of net biliary excretion o Radiopharmaceuticals-wmTc-labeled 
iminodiacetic acid derivatives, electrophoretic determination of charge 
on carrier-free 99mTc-labeled complexes, synthesis, evaluation of net 
biliary excretion Complexes-technetium 99m with iminodiacetic acid 
derivatives, electrophoretic determination of charge on carrier-free 
9gmTc-labeled complexes, evaluation of net biliary excretion 


Since the first reported use of a technetium 99m-labeled 
compound as a diagnostic radiopharmaceutical in 1962 (l), 
numerous attempts have been made to design 99mT~- 
labeled radiopharmaceuticals. Of the many compounds 
that have been labeled, a large number have one common 
feature: their biodistributions depend to some extent on 
their interaction with structurally specific receptors lo- 
cated in various tissues in the body (2,3). 


BACKGROUND 


In most cases, the structural requirements for receptor binding are rigid 
so that the structure of the compound must be controlled carefully. There 
has been little success in the design of 99mTc-labeled radiopharmaceu- 
ticals of this type, in part due to the lack of a well-defined chemistry of 
technetium. The technetium concentration utilized in 99mTc-labeled 
radiopharmaceuticals is 10-lo M, which is too low to permit the study 
of their chemistry by standard techniques (4). 


To facilitate the design of 99mTc-labeled radiopharmaceuticals, an 
investigation was aimed toward developing new techniques for obtaining 
structural information. A mixed-ligand experiment was described pre- 
viously and can be used to determine ligand-technetium stoichiometry 
in wmTc-labeled complexes at concentrations as low as M (4). This 
paper reports an extension of the previous study; the net charge on 
wmTc-labeled complexes at concentrations as low as M can be 
determined. This approach is illustrated with work on a new hepatobiliary 
radiopharmaceutical, the 99mTc-labeled complex of N- (2,6-dimethyl- 
phenylcarbamoylmethylfiminodiacetic acid1 (I). 


To prepare a 99mTc-labeled lidocaine analog, I was synthesized con- 
taining an iminodiacetic acid functional group (5). This functional group 
can form stable complexes with transition metals such as technetium. 
Harvey et al. (5) showed that I forms a stable complex with technetium 
99m, which is excreted unchanged after intravenous injection into mice 
and dogs. Excretion occurs mainly uia the hepatobiliary system with 
minimal urinary excretion. The extensive biliary excretion of the 
99mTc-labeled complex of I led to considerable interest in this complex 


' HIDA. 


I: R,  = CH,, R, = H 
11: R, = CH,, R, = I 
111: R, = H, R, = CO,H 
IV: R, = H, R, = NH, 


as a radiopharmaceutical for the evaluation of hepatobiliary function. 
It was recently reported that the ratio of ligand to technetium in 


wmTc-labeled I is 2:l and that the oxidation state of technetium is +3 
(6). This finding and results of stoichiometry and charge studies led to 
the study of the 5*Cr(111)- and 57Co(~~~)-labeled complexes of a simi- 
lar compound, N-(2,6-dimethyl-4-iodophenylcarbamoylmethyl)- 
iminodiacetic acid (11). The iminodiacetic acid and methyliminodiacetic 
acid complexes of Cr(II1) and CO(III) were prepared previously and shown 
to be mononegative bis-complexes. This paper reports the results of ex- 
periments with I that have established the ligand-technetium stoichi- 
ometry and the overall charge of the 99mTc-labeled complexes of I-IV. 


The mixed-ligand and charge determination experiments required (in 
addition to I) analogs of I that would complex technetium similarly but 
that differed in charge. Two such ligands are N- (p-carboxyphenylcar- 
bamoylmethy1)iminodiacetic acid (111) and N- (p-aminophenylcar- 
bamoylmethy1)iminodiacetic acid (IV). The iminodiacetic acid functional 
groups of these compounds form essentially identical complexes with 
technetium 99m as I. In addition, the arylcarboxyl group of 111 imparts 
additional negative charge to the complex at  pH > 5, and the amino 
functional group of I V  makes the wmTc-labeled complex more positive 
than that of I at  pH < 5. 


EXPERIMENTAL 


Compounds I and 111 were synthesized as reported previously (7). The 
amino-substituted (IV) and iodinated (11) analogs were prepared as de- 
scribed later. PMR spectra were obtained on a 60-MHz spectrometer*, 
with chemical shifts reported relative to tetramethylsilane. IR spectra 
were obtained on a grating I R  spectrometer3. Melting points4 were de- 
termined and are uncorrected. Elemental analyses were performed for 
carbon, hydrogen, and nitrogen5. 


All chemicals used were a t  least reagent grade. Sodium [99mTc]per- 
technetate was eluted from a molybdenum %-technetium 99m genera- 
tor6 with normal saline at  a specific concentration of 10-20 mCi/ml. 
[SICr]Chromic chloride and [57Co]cobaltous chloride were obtained 
commercially in 0.5 M HC17. 
N-(4-Aminophenylcarbamoylmethyl)iminodiacetic Acid (1V)-A 


solution of N-(4-nitrophenylcarbamoylmethyl)iminodiacetic acid (7) 
(2.0 g, 0.0064 mole) in 250 ml of water was prepared, and sufficient am- 
monium hydroxide was added to raise the pH to 8. A catalytic amount 
of 10% palladium-on-charcoal was added, and the solution was hydro- 
genated for 16 br a t  40 psis. Removal of the catalyst by filtration and 
evaporation to dryness in uacuo yielded a yellow oil, which solidified upon 
addition of ether and anhydrous ethanol. Recrystallization from 95% 


* Perkin-Elmer Hitachi R-12A. 
3 Pye-Unicam Sp-1OOO. ' Mel-Temp apparatus. 


Robertson Microanalytical Laboratory, Florham Park, N.J. 
Squibb, Minitech. 
New England Nuclear Corp. 


8 Parr apparatus. 
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ethanol yielded 1.47 g (78.3%) of the monoammonium salt of IV as white 
needles, mp 298' dec.; IR (mineral oil): 3200-3400 (broad, NH) and 
1680-1700 (broad, C=O) cm-l; PMR (DzO): 6 3.34 (s,4H, NCHzCO;), 
3.55 (s,2H, NCH2CON), 6.62 (d, 2H, aromatic H), and 6.98 (d, 2H, aro- 
matic H). 


And-Calc. for C ~ Z H ~ ~ N ~ O ~ N H ~ :  C, 48.32; H, 6.09; N, 18.78. Found 
C, 48.09; H, 6.12; N, 18.48. 


N-(2,6-Dimethyl - 4 - iodophenylcarbamoylmethy1)iminodiacetic 
Acid (11)-A suspension of nitrilotriacetic acid (3.87 g, 0.02 mole) in 50 
ml of anhydrous pyridine was placed in a three-necked, round-bottom 
flask equipped with a nitrogen inlet tube, a condenser, a calcium sulfate 
drying tube, and a thermometer. After flushing with nitrogen, the sus- 
pension was heated at  50' for 10 min, a t  which time most of the nitrilo- 
triacetic acid had dissolved. Acetic anhydride (3.09 g, 0.03 mole) was 
added, and the solution was heated at  100' for 60 min. After cooling to 
50', p-iodoxylidene (5.0 g, 0.02 mole) was added, and the solution was 
heated to 100' for 2 hr. . 


Evaporation of the pyridine in UQCUO left a purple oil, which then was 
dissolved in a minimal amount of aqueous sodium hydroxide (pH 10-11). 
After extraction with equal portions of ether and treatment with decol- 
orizing carbon, the almost colorless aqueous layer was acidified to pH 4, 
resulting in the formation of a white syrupy solid. Trituration with eth- 
anolkther yielded a white powder. This powder was recrystallized from 
85% ethanol-water as white needles (3.5 g, 40%), mp 205' dec.; IR (min- 
eral oil): 3300 (NH) and 1660-1710 (broad, acid and amide C=O) cm-l; 
PMR (dimethyl sulfoxide-ds): 6 2.14 (s, 6H, aromatic CH3), 3.4 (s,6H, 
COCHzN), and 7.48 (s, 2H, aromatic H). 


And-Calc. for C14H17IN205: C, 40.02; H, 4.08; N, 6.67. Found C, 
40.15; H, 3.93; N, 6.66. 


Preparation of 99mTc-Labeled Complexes of I, 111, and IV-A 
solution of 10 mg (0.02-0.034 mmole) of the appropriate compound (I, 
111, or IV) in 0.5 ml of 0.1 N NaOH was prepared, and the pH was adjusted 
to 5.0-5.5 with 0.5 N HCl. After addition of 0.3 ml of the generator eluate 
(obtained by saline elution of a 400-mCi molybdenum 99-technetium 
99m generator a t  a specific concentration of 10-20 mCi/ml), the solution 
was purged with nitrogen for 5 min. Then 0.1 ml of freshly prepared 
stannous chloride dihydrate solution (250 pg/ml in 0.001 N HCl) was 
added. The solution was kept a t  room temperature for 20 min prior to 
use. 


Preparation of 99mTc-Labeled Complex of I via Sodium Boro- 
hydride-A solution of 10 mg (0.034 mmole) of I in 0.5 ml of 0.1 N NaOH 
was prepared, and the pH was adjusted to 5.5 with 0.5 N HCl. After ad- 
dition of 0.3 ml of the generator eluate, the solution was purged with ni- 
trogen for 5 min. Then 0.1 ml of freshly prepared 0.5 N sodium borohy- 
dride solution (18.0 mg/ml of water) was added. After 20 min at  room 
temperature, the solution was filteredg, and an aliquot of the filtrate was 
analyzed by electrophoresis. 


Mixed-Ligand Experiment-A solution containing 5 mg (0.016 
mmole) of I and 5 mg (0.016 mmole) of 111 in 0.5 ml of 0.1 N NaOH was 
prepared, and the pH was adjusted to 5.0-5.5 with 0.01 N HCl. After 
addition of 0.3 ml of the generator eluate, the solution was purged with 
nitrogen for 5 min. Then 0.1 ml of freshly prepared solution of stannous 
chloride dihydrate (250 pg/ml in 0.001 N HCl) was added. This solution 
was left a t  room temperature for 20 min prior to use. 


Preparation of CO(III)-II Complex-To a solution of I1 (10 mg, 0.034 
mmole) dissolved in 0.95 ml of 0.05 M aqueous NaOH was added 2 mg 
(0.005 mmole) of cobaltous chloride hexahydrate. After the salt dissolved, 
0.05 ml of [57Co]cohaltous chloride in 0.5 M HC1 and 0.05 ml of 0.5 M 
NaOH were added simultaneously to the stirred solution from syringes. 
Hydrogen peroxide (1.5 ml, 30%) was added to the clear pink solution. 
The oxidation of Co(11) to CO(III) required 20-30 min, at which time the 
solution became deep purple. 


The solution then was absorbed into a 15 X 0.7-cm diameter cation- 
exchange columnlo in the Na+ form. [This column reserves any remaining 
unoxidized CO(~I).] The column was eluted with a solution of 0.15 M NaCl 
and 0.01 M NaHC03. The desired product eluted with the bed volume 
and was identified easily by the purple color characteristic of CO(III) 
complexes chelated by two iminodiacetic acid moieties. 


Evidently, the presence of the methylcarbamoyl group reduces the 
ligand field strength of the iminodiacetic acid group sufficiently to de- 
stabilize the co(111) state relative to the Co(11) state. Consequently, if the 
solution was to be stored, 1 ml of 30% Hz02 was added to maintain the 
Co(111) oxidation state. The complex showed a band at  552 nm (c 269). 


The absorptivity was determined by using a cobalt concentration de- 
termined by atomic absorption spectroscopy. 


Preparation of Cr(m)-II Complex-Water (0.2 ml) and dimeth- 
ylformamide (0.3 ml) were added to a 2-ml vial containing I1 (150 mg, 0.5 
mmole). After the addition of sodium hydroxide (15 mg, 0.32 mmole), 
the mixture was stirred at  -70' until all solids were dissolved. The pH 
at  this point was -4.8. To this hot solution was added [51Cr]chromic 
chloride (25 gl in 0.5 M HCl), and the solution was maintained at 70' for 
15 hr. Then, the hot solution was placed on a 15 X 0.7-cm column of fine 
grain sand". 


On cooling, the reaction mixture solidified and formed a pellet in the 
top of the sand. Elution with 95% ethanol yielded the desired product 
in the sixth 0.3-ml fraction. (A neutral complex was obtained in the 19th 
0.3-ml fraction.) The ethanol was evaporated from the sixth fraction, and 
the [Cr-(II)z]- was redissolved in saline. 


Preparation of [Tc-(II)2]--To a 2-ml vial containing 18 mg (0.043 
mmole) of I1 and 0.3 ml of 0.2 N NaOH was added 0.2-0.4 ml of a sodium 
[99mTc]pertechnetate solution in saline. Product formation was complete 
within 30 min of the addition of a stannous chloride solution (0.1 ml) 
containing 250 pg of SnCl~-2HzO/ml of ethanol. The final solution was 
filteredlZ. 


Electrophoresis-Low-voltage electrophoresis was performed on 
paper13 at  300 v for 30 rnin or a t  600 v for 15 rnin in a 0.01 M NaHC03 
buffer (pH 7). Under these conditions, the [gSmTc]pertechnetate anion 
migrated -13 cm. A pertechnetate standard was utilized with all samples. 
High-voltage electrophoresis was performed on paper14 using 0.01 M 
NaHC03 buffer a t  3000 v a t  17' for 25 min. 


Silica1 gel15 chromatography was performed with 7.5-cm strips and 
dimethylformamide-n- hutanol (1:l v/v) saturated with 3 M NH40H. 
The distance each complex migrated was determined by scanning the 
dried paper with a chromatogram scanner equipped with a 2.54-cm so- 
dium iodide detector and a collimator, which consisted of a 0.635-cm thick 
sheet of lead with a 2.54-cm X 3-mm slit. The results obtained on any 
given electrophoragram were expressed as: 


distance migrated by complex 
distance migrated by pertechnetate ion R, = (Eq. 1) 


These R, values were essentially independent of the distance migrated 
by the pertechnetate ion over at least 11-15 cm. 


Low-voltage electrophoresis at pH 3 was performed as described except 
that a mixed citrate-phosphate buffer was used in place of the bicar- 
bonate buffer. The citrate-phosphate buffer was prepared by mixing 39.8 
ml of 0.1 M citric acid (19.21 g/1000 ml) and 10.2 ml of 0.2 M dibasic so- 
dium phosphate (NazHP0~7Hz0,53.65 g/lOOO ml), followed by dilution 
to 1000 ml. 


Chromatography was performed on silica geP5 with acetone as the 
elution solvent. 


Biodistributions were performed in 25-35-g ICR albino mice16. A so- 
lution of the complex in 0.1 ml of saline was injected into the tail vein. 
Six mice were used for each data point. The animals were sacrificed by 
ether asphyxiation 60 min postinjection. A blood sample (100 pl) was 
obtained immediately before death by cardiac puncture. The lungs, heart, 
spleen, liver, stomach, intestines, kidneys, and bladder were removed and 
weighed. Care was taken to prevent urine from contaminating the carcasa 
when the bladder was removed. The organs and carcasses were counted, 
and the percent of the injected dose per organ and carcass was calculated 
by comparison to a standard prepared from 0.10 ml of the injection so- 
lution at  the time of injection. 


RESULTS AND DISCUSSION 


Preparation of the 99mTc-labeled complex of I using stannous chloride 
reduction yielded a complex that migrated as a single discrete spot on 
electrophoresis with an R, of 0.68. Use of sodium borohydride instead 
of stannous chloride as a reducing agent for the preparation of this 
complex also gave a complex that migrated as a single spot with an R, of 
0.68. 


This result, coupled with the fact that both procedures yielded com- 
plexes with identical biodistrihutions in mice (Table I), indicates that 
tin is not incorporated into the complex. This interpretation is supported 


11 Fisher. 
l2 Millipore, 0.45 or 0.2 pm. 
13 Whatman 3 mm. 
14 Whatman No. 1. 


Bakerflex 113-P. 
16 Camm Research Laboratories. 


Millipore. 
lo Chelex 100.50-100 mesh. 
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Table I-Biodistribution of Technetium 99m-(I)2 Complex in 
Mice 60 min Postinjection 


Sample 


Blood 
Kidneys 
Lungs 
Heart 
Spleen 
Liver 
Stomach 
Intestine 
Carcass 
Excreted 


Percent of Dose per Organ" 
Stannous Chloride Sodium Borohydride 


Preparation Preparation 


0.05 f 0.02 
0.60 f 0.13 
0.08 f 0.03 
0.02 f 0.01 
0.02 f 0.01 
1.52 f 0.96 
0.63 f 0.11 
68.6 f 4.2 
3.44 f 1.17 


24.1 


0.07 f 0.03 
0.57 f 0.23 
0.10 f 0.07 
0.03 f 0.01 
0.03 f 0.01 
1.53 f 1.05 
1.40 f 0.90 
66.7 f 3.7 
3.79 f 1.10 


24.5 


a Each point represents the mean of six mice f 1 SD. Per 0.1 ml. 


by recent work where tin 113 was not incorporated into the complex 
(6). 


Electrophoresis of the 99mTc-labeled complex of I11 showed only one 
complex in solution; it migrated with an R, of 0.97. Since it was impossible 
to distinguish between this complex and 99mTc-labeled pertech- 
netate using this electrophoretic procedure, chromatography was per- 
formed for all samples on silica gel eluted with acetone. Chromatography 
easily established the absence of pertechnetate in the sample since the 
complex remained at the origin while pertechnetate migrated with the 
solvent front. The finding that the 99mTc-labeled complex of I11 migrated 
farther than the 99mTc-labeled complex of I on electrophoresis was ex- 
pected since 111 has an additional carboxyl group, which imparts a greater 
overall charge to the complex. 


When the mixed-ligand experiment was performed with I and 111, 
electrophoresis showed three complexes. One migrated with an R, of 0.68 
and corresponded to the 99mTc-labeled complex of I. A second complex 
migrated with an R, of 0.97, identical to that of the 99mTc-labeled com- 
plex of 111. The third complex migrated with an R, of 0.83 and represented 
a new, mixed-ligand complex containing one molecule of I and one mol- 
ecule of 111. As discussed previously (4), this result in a mixed-ligand 
experiment indicates that the complexes formed are bis-complexes with 
two molecules of ligand bound per molecule of technetium. 


Electrophoresis of the 99mTc-labeled complex of I at pH 3 showed that 
the complex migrated the same distance as it did a t  pH 7, indicating that 
no functional groups can be protonated over the pH 7-3 range. This 
finding implies that all of the iminodiacetic acid carboxyl groups are 
bound to technetium 99m in these complexes. This finding also permitted 
the determination of the net charge on the complex. From the mixed- 
ligand experiment, it was shown that these iminodiacetic acid ligands 
form bis-complexes with technetium 99m, as is illustrated in Fig. 1 for 
the 99mTc-labeled complex of IV. The overall charge on this complex at  
pH 7 was identical to that of the 99mTc-labeled complex of I since both 
were approximately the same size and both migrated the same distance 
when electrophoresis was performed at  pH 7. When electrophoresis was 
performed at  pH 3, the 99mTc-labeled complex of I still migrated toward 
the anode with an R, of 0.68; however, the 99mTc-labeled complex of IV 
migrated toward the cathode, indicating that the overall charge on the 
complex was positive at  this pH. 


Since the wmTc-labeled complex of IV contains only two amino groups 
that are protonated at pH 3, protonation can, a t  most, add two units of 
positive charge to the complex. The fact that addition of only two units 


Figure I-Suggested structure of iminodiacetic acid complexes of 
technetium illustrating the presence of two iminodiacetic acid molecules 
in the complex. 


Table 11-Chromatographic and Electrophoretic Behaviors of 
[M-(II)21-' 


Technetium Cobalt Chromium 


Chromatographyb 0.65 0.58 0.8 


High-voltage electrophoresisc 11.5 11.5 11.5 
Low-voltage electrophoresisc 8 8 7.5 


M = transition metals technetium, cobalt, and chromium. Rf values. Dis- 
tance from origin in centimeters. 


Table 111-Biodistribution of 99mT~-(II)2 and Wr-(II)2 in Mice 
60 min Postinjection 


Percent of Dose per Organ" 
Sample ~ ~ T c - ( I I ) ~  51cr-(11)~ 


Blood * 0.01 f 0.001 0.07 f 0.01 
Kidneys 0.21 f 0.12 1.05 f 0.43 
Lungs 0.02 f 0.01 0.09 f 0.02 
Heart 0.01 f 0.01 0.02 f 0.01 


Liver 1.04 f 0.89 8.2 f 3.7 
Stomach 0.05 f 0.04 0.22 f 0.08 
Intestine 82.3 f 4.5 80.6 f 6.5 
Carcass 0.79 f 0.08 4.8 f 1.5 


Spleen 0.01 f 0.01 0.02 f 0.01 


Each point represents the mean of six mice f 1 SD. b Per 0.1 ml. 


of positive charge to the 99mTc-labeled complex of IV yielded a cationic 
complex indicates that, at pH 7, the negative charge on the 99mTc-labeled 
complex of IV can be no more than 1. The fact that the 99mTc-labeled 
complex of IV migrated toward the anode at  pH 7 indicates that the 
negative charge can be no less than 1. These findings, taken together, 
establish that the net charge on this complex at pH 7 (and, thus, the net 
charge on the 99mTc-labeled complex of I) is -1. 


The results of chromatographic and electrophoretic experiments 
comparing the WmTc-, 67C0-, and Wr-labeled complexes of I1 are shown 
in Table 11. The finding that each complex behaved in essentially the 
same manner on chromatography and electrophoresis, coupled with the 
previous report that Cr(m) and Co(II1) formed mononegative bis-com- 
plexes with iminodiacetic acid ligands, supports our conclusion that the 
charge on the gemTc-labeled complex of I is -1. These findings also 
suggest that the extensive known chemistry of Cr(II1) and Co(II1) may 
be useful in predicting the types of complexes formed by TC(III), a t  least 
for amino acid-type ligands. 


The biodistributions of the 99mT~- and 51Cr-labeled complexes of I1 
in mice 60 min postinjection are shown in Table 111. The net biliary ex- 
cretion of these complexes was higher than that of the 99mTc-labeled 
complex of I, with 83% of the complex excreted in the bile a t  60 min 
compared to 67-68% for the 99mTc-labeled complex of I. Furthermore, 
the distributions of the 99mT~- and Wr-labeled complexes of I1 were 
essentially identical. The biodistribution of the 57Co-labeled complex 
of I1 could not be obtained since the Co(III) center was reduced too readily 
to Co(11). 


The recent report by Loberg and Fields (6) that the oxidation state of 
technetium 99m in the 99mTc-labeled complex of I is +3, coupled with 
the present finding that the net charge on this complex is -I, suggests 
that, in this case, technetium is hexacoordinate with only the iminodi- 
acetic acid nitrogens and oxygens bound to technetium (Fig. I). 


Although the possibility for cis- and trans-isomers exists, only the 
trans-isomer probably actually forms. Iminodiacetic acid complexes of 
Cr(III) form only the trans-isomer when the iminodiacetic acid nitrogen 
is substituted by methyl or larger groups due to steric hindrance between 
the N-substituents in the cis-isomer (8). 


The possibility that the technetium is in a Tc(v)03+ unit cannot be 
excluded, but the similar biodistribution of the technetium and chromium 
compounds and the reported (6) determination of the oxidation state as 
+3 make such an explanation unlikely. 


Although this report demonstrates the utility of this type of experiment 
for determining structural information on carrier-free 99mTc-labeled 
complexes, these methods can be applied to other 99mTc-labeled radio- 
pharmaceuticals, provided appropriate ligands can be designed and 
synthesized. A particularly attractive feature of this approach is that the 
isolation of chemically pure technetium complexes is not required. The 
difficulties involved in the isolation and characterization of 99mTc-labeled 
complexes that are functionalized to be radiopharmaceuticals are re- 
flected by the fact that no 99mTc-labeled complex identical to a clinically 
used BgmTc-labeled complex in solution has been characterized. Of par- 
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ticular note was the failure of many attempts to obtain crystalline 
products of I or analogs of I when they were attached to CO(III) or Cr(III), 
although the iminodiacetic acid and methyl iminodiacetic acid complexes 
are prepared and isolated easily. It is hoped that the approach outlined 
here for gaining information on the structure of wmTc-labeled radio- 
pharmaceuticals will be useful for understanding the mechanisms of lo- 
calization of currently used radiopharmaceuticals and in the design of 
new radiopharmaceuticals. 
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Abstract 0 Two radioiodinated analogs of benzoylcholine were inves- 
tigated as possible myocardial-imaging agents. 0-( [2-1251]Iodobenzoyl)- 
choline and N-( [2-1251]iodobenzoyl)cholamine were prepared by 
nucleophilic substitution of sodium [1251]iodide for stable iodine in 0- 
(N,N-dimethylaminoethyl)-2-iodobenzoate and N-(N‘,N’-dimethyl- 
aminoethyl)-2-iodobenzamide, respectively, and by methylation with 
methyl iodide. The in uiuo distribution of each compound in mice was 
determined as a function of time. Favorable heart-to-blood and heart- 
to-lung ratios were obtained with N-( [2-1251]iodobenzoyl)cholamine. 


Keyphrases 0 Benzoylcholine, radioiodinated analogs-synthesized 
and evaluated as possible myocardial-imaging agents, biodistribution 
studies in mice Radionuclide imaging, myocardial-radioiodinated 
benzoylcholine analogs synthesized and evaluated for use as myocar- 
dial-imaging agents, mice Radiopharmaceuticals, iodinated-ben- 
zoylcholine analogs, synthesis and evaluation for use as myocardial- 
imaging agents, mice 0 Biodistribution-radioiodinated benzoylcholine 
analogs synthesized and evaluated for use as myocardial-imaging agents, 
mice 


The use of radiolabeled enzyme inhibitors as potential 
organ-imaging agents has been suggested by several in- 
vestigators. Wieland et al. (1) studied the distribution of 
several radiolabeled inhibitors of the adrenal cortex en- 
zymes, 20a-hydroxylase, 1 ID-hydroxylase, and 17a-hy- 
droxylase. The finding that some of these inhibitors lo- 
calized in the adrenal cortex suggested that radiolabeled 
enzyme inhibitors might be useful in the design of new 
diagnostic radiopharmaceuticals. 


BACKGROUND 


Recently, Burns et al. (2) studied the distribution of a simple, positively 
charged inhibitor of acetylcholinesterase. Their results suggested that 
labeled inhibitors of acetylcholinesterase might be useful as myocar- 
dial-imaging agents due to relatively high levels of acetylcholinesterase 
activity in the heart of some species. 


Another study demonstrated that the cholinesterases of erythrocytes 
and plasma were different (3). The work of several investigators (4-8) 
clearly established the distinguishing characteristics between acetyl- 
cholinesterase (true cholinesterase or acetylcholine hydrolase) and 


v : x = o  
VI: X = NH 


pseudocholinesterase (butyrylcholinesterase or acylcholine acylhydro- 
lase). Acetylcholinesterase predominates in erythrocytes, the central 
nervous system, and the motor endplates of skeletal muscle. Pseudo- 
cholinesterase predominates in the liver, plasma, and many types of 
smooth muscle. Both enzymes occur in high concentrations in autonomic 
ganglia (9). In some species, the distribution of pseudocholinesterase 
activity (10) indicates that an appropriate radiolabeled substrate or in- 
hibitor might be a useful imaging agent for the myocardium. 


Many compounds are hydrolyzed by pseudocholinesterase including 
butyrylcholine, acetylcholine, and benzoylcholine. The fact that ben- 
zoylcholine is a substrate for butyrylcholinesterase, coupled with the 
observation that iodoaryl compounds are generally resistant to in uivo 
deiodination (ll),  prompted the investigation of two radioiodinated 
analogs of benzoylcholine as potential myocardial-imaging agents. This 
report details the syntheses and preliminary biological studies of 0- 
( [ 2- lZsI] iodobenzoyl)choline (V) and N- ( [ 2- 1251] iodobenzoyl) cholamine 
(VI). 


EXPERIMENTAL’ 


O-(N,N-Dimethylamithyl)-2-iodobenzoat (I)-2-Iodobenzoic 
acid (19.7 g, 0.077 mole), thionyl chloride (19.2 g, 0.162 mole), and a cat- 
alytic amount of dimethylformamide (50 pl) were warmed gently in a 
water bath. The evolution of hydrogen chloride and sulfur dioxide ceased 
after 60 min, and the solution was evaporated under reduced pressure 
to remove excess thionyl chloride. Benzene (100 ml) was added to the 


PMR spectra were obtained on a Varian T-60 spectrometer, with chemical shifts 
re rted relative to tetramethylsilane or 3-(trimethylsilyl)propionic acid sodium 
s g a s  noted. IR spectra were recorded on a Pye-Unicam SP-lo00 spectrometer. 
Melting points were determined in a Mel-Temp apparatus and are uncorrected. 
Elemental analyses were performed by Robertson Microanalytical Laboratory, 
Florham Park, N.J. Radioactive iodine was obtained from New England Nuclear 
Co . aa a carrier-free solution of sodium [126I]iodide in a pH 8-10 aqueous solution 
(re%ctant free) at a specific activity of -350 mCiml. The solution was diluted with 
normal saline to a specific activity of 10 mCi/ml. 
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Abstract  0 ‘W-NMR spectral assignments of the Strychnos alkaloids 
brucine and strychnine have been reported by numerous investigators. 
One recent report contained several disparities in the assignments that 
were attributable to incorrect determinations of spin multiplicities. The 
source of the inaccuracies in the spin-multiplicity determinations of very 
complex molecules is discussed, and several additional techniques for 
the determination of these multiplicities are described that are less 
subject to interpretational errors than the conventional and routinely 
employed single-frequency off-resonance decoupling methods. These 
procedures are applied using brucine as a representative example. 


Keyphrases ‘“C-NMR spectroscopy-determination of resonance 
multiplicities, brucine Brucine-determination of resonance multi- 
plicities Resonance multiplicities-brucine 


Several recent reports dealt with the l3CC-NMR spectral 
assignments of strychnine, brucine, and related Strychnos 
alkaloids (1-9). The assignments in one report (8) for 
several resonances in both strychnine and brucine are in 
direct conflict to those reported previously. It is possible 
that errors occurred in this work that were due to the in- 
correct determination of spin multiplicities for the reso- 
nances in question. 


The results obtained from two complementary methods 
that can provide unambiguous determination of the res- 
onance multiplicities in even the most complex 13C-NMR 
spectra are presented using brucine as an example. These 
methods are alternatives to conventional single-frequency 
off-resonance decoupling techniques and can be executed 
on modern Fourier transform spectrometers with only 
minor modification. 


RESULTS AND DISCUSSION 


A spectral parameter that  is readily accessible for the pulsed Fourier 
transform technique and that provides an alternative method for the 


determination of spin multiplicities is the spin-lattice relaxation time, 
7’1 (10-12). Experimental evidence strongly supports the premise that 
in molecules of moderate size, the lH-13C dipolar mechanism is pre- 
dominantly responsible for ‘“C-NMR relaxation. On this basis, for 
molecules that tumble a t  rates in excess of the motional narrowing limit 
(Larmor resonance frequency), the relaxation rate may be expressed 
as: 


l/TpD = Nh2-y&y&r&, (Eq. 1) 


where yc and YH represent the magnetogyric ratios of the 13C and ’H 
nuclei, respectively, and h2 is Planck‘s constant. Thus, relaxation is de- 
termined by the terms Nr& and T,, where the former term is modu- 
lated by the number of protons at specific internuclear distances (typi- 
cally, relaxation is mediated by the directly attached protons, if any), 
while the latter term is the reorientational correlation time, typically 
10-12-10-10 sec for natural products of moderate molecular weight k e . ,  
mol. wt. 250-1000) (13). 


A further requirement is that the molecule tumble in a random fashion 
(isotropic), which can strictly be true only for spherical molecules or close 
approximations such as adamantane (14). In practice, however, the re- 
laxation of a relatively large number of molecules has been found to 
conform to this simple requirement, thereby allowing the use of Eq. 1 
rather than the more complex equations necessary to describe ordered 
(anisotropic) reorientation. This behavior leads to the very useful result 
that the relaxation time of a given carbon is inversely proportional to the 
number of directly attached protons. Thus, in relatively rigid cyclic 
compounds, methylene resonances are expected to undergo relaxation 
a t  a rate twice as fast as methine carbons. In contrast, methyl groups are 
capable of an internal reorientation in addition to the overall isotropic 
reorientation, which imparts a different reorientational correlation time, 
7, (referred to as T~ by some investigators), typically on the order of 
10-’~’-10-” sec, resulting in longer relaxation times. In the extreme case, 
these relaxation times can be up to three times as long as those observed 
for methine resonances. 


In complex molecules in which large numbers of carbon resonances 
have substantially similar chemical shifts, thereby preventing the un- 
ambiguous interpretation of single-frequency off-resonance decoupling 
spin multiplicities, relaxation considerations present a viable alternative 
for the demonstration of this information. This consideration is especially 
useful where a methylene carbon bears nonequivalent (anisochronous) 
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I 
protons that can lead to the observation of non-first-order spin multiplets 
(151, which may account for the incorrect signal multiplicity of a t  least 
one resonance misassigned by Singh et al. (8). Circumvention of these 
interpretational problems by the application of relaxation phenomena 


penoids (17-21), macrolide antibiotics (22, 23), and lincomycin and its 
analogs (24). Furthermore, although partial relaxation data have been 
reported for brucine (I) (1,2), the main application of these data was in 
the assignment of the quaternary carbon resonances, with no discussion 


pound. 


has been used for various natural products, including steroids (16), ter- A 


6 
Figure 2--'3c-NhfFt spectra of h c i n e .  Key.' A, fully decouded l3C- 
NhfR spectrum; B, selective excitation with full decoupling of the ocH3 


of the ocH3 resonance showing full spin-spin coupling, J = 144.6 
Hz. 


of its application to spin-multiplicity determination in this corn- resonance a t  55.3'; and C, selective excitation with gated decoupling 


0.10 


The T1 relaxation data for brucine (I) are shown here for the proton- 
ated resonances. (No effort was made to incorporate the measurement 
of the nonprotonated carbon relaxation times.) The spin-lattice relaxation 
times (TI) (expressed in seconds) were measured by the inversion re- 
covery method (22) using the three-parameter nonlinear fit program (23). 
Examination of the average T1CHITITH2 ratio gave an observed ratio 
of 1.82 and a calculated reorientational correlation time ( r e )  of 2.5 X 
sec. While it is not always convenient or practical to determine T1 re- 
laxation times rigorously, the same multiplicity data can be inferred ef- 
fectively and conveniently from a partial relaxation experiment (Fig. 1). 
This latter technique is particularly powerful when used in conjunction 
with single-frequency off-resonance decoupling, as described by Naka- 
nishi and coworkers (18,19). The techniques, when used in conjunction 
with one another, also hold promise for extending applications of relax- 
ation behavior to include nonisotropically reorienting systems such as 
the retinoids (25,26). 


An additional pair of alternative techniques for the determination of 
spin multiplicities is the use of selective excitation, as described by 
Freeman and coworkers (27, 281, in conjunction with either gated de- 
coupling (29) or single-frequency off-resonance decoupling, which was 
described recently by Martin et al. (20). In both techniques, a train of 
soft pulses, typically 0.5-1.0', is applied to the sample a t  the precession 
interval of the resonance to be selectively excited. This procedure has 


V 


I "1 0.750 
0.500 * 0.250 


A 0.100 f 
0.075 


0.050 
0.025 


6 , w m  
Figure 1-Stack plot of a partial inversion recovery experiment 
showing the high-field region of brucine (I). Since relaxation is inuersely 
proportional to the number of directly bonded protons, methylene 
carbons are expected to exhibit a positive inflection first (T = 0.075 sec) 
followed by methine carbons (T = 0.25 sec) and then methyl carbons. 
The nonprotonated C-7 resonances never become positive in this ex- 
periment. 


the effect of producing a cumulative tip of the desired resonance 90' into 
the x-y plane for observation. In contrast, the remaining resonances, 
which have different precession intervals, receive relatively little benefit 
from the pulse train application and thus remain as essentially unper- 
turbed 2-magnetization. The net result of these two events is the ac- 
quisition of a subspectrum containing only information from the desired 
resonance. 


By the application of selective excitation with gated decoupling, lH-13C 
coupled spin multiplets were obtained for all resonances in the high-field 
region of the 13C-NMR spectrum of brucine (I) (Fig. 2). In all cases, the 
multiplicities determined by T1 relaxation methods and selective exci- 
tation were in complete agreement. However, the latter method has the 
further advantage of providing easy experimental access to the primary 
IH-W spin-coupling constants ( ~ J C H ) ,  which are otherwise inaccessible, 
despite their considerable diagnostic utility. These data are summarized 
in the structure presented here and in Table I. 


1.29A 


139.7 144.0 
144.6 


The primary coupling constants (VCH) for brucine were measured by 
selective excitation with gated decoupling (27-30). I t  is certain that the 
resonances for C-11, C-18, and (2-20, which Singh et  al. (8) referred to 
as being not clear, were reported accurately by other investigators (1-7, 
9). 


A further point that  is clarified by examination of the selectively ex- 
cited ' H - W  spin-coupled subspectra is the contention by Wehrli and 
Nishida (13) that the assignments for C-11, C-18, and (2-20 are insuffi- 
ciently substantiated. Unequivocal assignment of the resonance for C-11 
thus is made to the resonance a t  6 41.6, based on the primary coupling 
constant l J ~ l l ~ l l  = 130.2 Hz, while C-18 and C-20 exhibit somewhat 
larger couplings of 139.8 and 139.7 Hz, respectively. Further discrimi- 
nation between C-18 and (2-20 also is possible by selective excitation, the 
former exhibiting considerable broadening of its spin-coupled resonance, 
probably as a result of couplings to the anisochronous C-17 methylene 
protons. This contention is supported by the observation that the two- 
bond coupling constants of heterocyclic systems frequently are as large 
as the three-bond couplings, which normally are the largest of the long- 
range couplings seen in lH-I3C coupled spectra. In contrast, C-20, which 
is positioned between N-19 and the vinyl carbon, C-21, would be expected 
to exhibit significantly less long-range coupling. Thus, assignment of C-18 
is made to the resonance a t  6 49.3, while C-20 is assigned to the resonance 
a t  6 51.8; these assignments also are in agreement with previous reports 
(5-7,9). 


While considerable utility has been demonstrated for selective exci- 
tation with gated decoupling, some information is lost to the researcher 
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Table I-25.158-MHz W - N M R  Shift  Assignments, 
Multiplicities, Relaxation Times, and Coupling Constants for 
Brucine 


Carbon 13C,6 Multiplicity TI, sec VCH, Hz 


10 
3 
2 


21 
5 


22 
6 
1 
4 


12 
23 
8 


16 
OCH3 
OCH3 
20 
7 


18 
13 
11 
17 
14 
15 


168.0 
148.4 
145.4 
139.7 
135.3 
126.3 
122.9 
105.1 
100.3 
76.9 
63.7 
59.9 
59.1 
55.7 
55.3 
51.8 
51.0 
49.3 
47.4 
41.6 
41.5 
30.8 
26.0 


S 
S 
S 
S 
S 


S 
d 


d 
d 
d 
t 
d 
d 
q 
9 
t 


t 
d 
t 
t 
d 
t 


S 


- 
- 
- 
- 
- 


0.17 


0.18 
0.18 
0.21” 
0.10 
0.18 
0.18 
0.84 
0.68 
0.10 


0.10 
0.18 
0.10 
0.10 
0.19 
0.09 


- 


- 


- 
- 
- 
- 
- 
- 
- 
- 
- 


147.1 
141.3 
145.4 
146.6 
144.0 
144.6 
139.7 


139.8 
123.9 
130.2 
130.2 
130.4 
129.4 


- 


a Degenerate with center line of deuterochloroform triplet; relaxation time may 
be suspect. 


using this technique which can be especially valuable when dealing with 
a molecule of unknown structure. Specifically, the lost information is that 
provided by the anisochronicity of methylene protons under certain 
circumstances (15), but it is available by conventional single-frequency 
off-resonance decoupling techniques. However, the advantages of sin- 
gle-frequency off-resonance decoupling observation with the unambig- 
uous character of selectively excited and gated decoupled subspectra are 
combined in selective excitation with single-frequency off-resonance 
decoupling (20). The technique, in principle, is quite similar to selective 
excitation in the preparation of the spin system for observation. The two 
techniques differ in that the former employs conventional gated de- 
coupling while the latter utilizes the collapse of the decoupling field from 
broad-band noise irradiation of the proton spectral window to a prese- 
lected single frequency. The net result of selective excitation method is 
to provide a selectively excited subspectrum with single-frequency off- 
resonance decoupling spectral characteristics. An illustrative example 
is shown in Fig. 3 for the C-15 methylene resonances, which, because of 
the anisochronous nature of the attached protons, may exhibit a doublet 
of doublets under certain decoupler conditions rather than the more 
conventional triplet (9,15). 


Several techniques have been described that provide the means of 
determining resonance spin multiplicities unambiguously. Considerable 
useful information in the form of primary coupling constants also is ob- 
tained, which can be of tremendous assistance in the assemblage of 
structural fragments into larger contiguous blocks. The errors in signal 
assignments such as those in the report of Singh et al. (8) can be com- 
pletely avoided by the use of techniques that are capable of completely 
removing the ambiguities inherent in single-frequency off-resonance 
decoupling spectra of very large molecules. 


EXPERIMENTAL’ 


All ‘W-NMR experiments were performed on a sample prepared by 
dissolving 500 mg of brucine2 in 3.0 ml of deuterochloroformg and the 
solution was degassed with zero-grade argon4 for 15 min followed by 
transfer to a 12-mm NMR tube fitted with a polytef vortex plug. All 
chemical shifts were referenced relative to  the center line of the deut- 
erochloroform triplet, which was taken as being 76.9 ppm downfield of 
tetramethylsilane. Typical instrument acquisition parameters were 5-kHz 
spectral observation with 8K data points (4K after transformation) and 


* Varian Associates model XL-100-15 spectrometer system, o erating at 25.158 
MHz in the Fourier transform mode, equipped with a Nicolet d - 1 0 0  data system, 
a model ‘IT-760 decoupler, and an NT-440 Multi-Observe Nuclei Accessory. 


Sigma Chemical Co., St. Louis, Mo. 
Aldrich Chemical Co., Milwaukee, Wis. ‘ Iweco. Houston, Tex. 


Figure 3-Selective excitation in conjunction with gated decoupling 
of the C-15 methylene resonance at 6 26.0 (A) and single-frequency 
off-resonance decoupling subspectrum showing the anisochronicity of 
the methylene protons attached to the same carbon atom (B). 


sufficient acquisitions to provide usable signal-to-noise ratios and an 
acquisition time of 0.8192 sec. Typical 90° pulses were obtained with a 
20-sec pulse, with no effort made to optimize this pulse to the sample. 


The 2’1 relaxation studies were conducted using the inversion recovery 
pulse sequence (31,32), and data reduction was accomplished with the 
three-parameter nonlinear fitting program (33). Selective excitation 
experiments were conducted using previously reported procedures and 
instrument modifications (20, 30). 
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Abstract 0 Nine new a-methylene-y-butyrolactones were synthesized 
by the Reformatsky condensation of ethyl a-bromomethylacrylate with 
ketones, aldehydes, and an epoxide. A unique spirobutyrolactone class 
was prepared by reaction of the zinc alkyl derivative and N-methylisatins. 
The compounds were evaluated against L-1210 and P-388 leukemia and 
the 9KB carcinoma of the nasopharynx. They also were screened in a 
microbiocidal and an antifungal assay. The spiro methylene lactone of 
.5-iodo-N-methylisatin displayed activity in the P-388,9KB, and anti- 
fungal screens. 


Keyphrases a-Methylene-y-butyrolactones-synthesis and evalu- 
ation for antibacterial and antineoplastic activity 0 Antibacterial activity, 
potential-evaluation of a-methylene-y-butyrolactones 0 Antineoplastic 
activity, potential-evaluation of a-methylene-y-butyrolactones 


Recognized as the active moiety in a wide variety of 
antineoplastic sesquiterpene lactones (1 ,2) ,  the a-meth- 
ylene-y-butyrolactone structure has been synthetically 
incorporated in numerous drug candidates in the search 
for anticancer activity (3,4).  Many synthetic approaches 
have been used (5), and new methods are reported regu- 
larly (6, 7) since many of the model substances are ac- 
tive. 


The application of the Reformatsky method by Ohler 
et al. (8) is a facile, one-step conversion of aldehydes and 
ketones to the requisite lactones with the greatest potential 
of altering the functionality at C-5 (Scheme I). This con- 
densation of the zinc alkyl derivative of ethyl a-bro- 
momethylacrylate with N-methylisatins (IIa and IIb) also 
yields a unique class of spirolactones (Va and V b )  (Scheme 
11). Nine lactones were synthesized in 2549% yields using 
this procedure (Table I). 


for publication July 


EXPERIMENTAL' 


p-(Pyrrolidinosu1fonamido)benzaIdehyde (Id)-Compound Id 
was obtained by the dropwise addition of 2.78 g (39.2 mmoles) of anhy- 
drous pyrrolidine in 10 ml of acetone to 6.00 g (19.5 mmoles) of p-chlo- 
rosulfonylbenzaldehyde diacetate (9) in 25 ml of acetone. The medium 
was stirred for 1 hr, the acetone was removed in uacuo, and the residue 
was dissolved in methylene chloride and washed with 20 ml of 10% 
aqueous HC1. The solvent was removed by distillation, and the crystalline 
diacetate was hydrolyzed by refluxing for 1 hr in a solution of 25 ml of 
ethanol, 25 ml of water, and 3 ml of concentrated sulfuric acid. The so- 
lution was chilled and it deposited the aldehyde as white crystals, which 
were filtered, recrystallized twice from ethanol, and dried in U ~ C U O  to 
yield 3.35 g (50%) of Id, mp 109-11lo; IR (mineral oil): 1710 (C=O) cm-I; 
NMR (deuterochloroform): 6 1.60-1.95 (m, 4H, CHZCH~), 3.16-3.50 (m, 
4H, CHzNCHz), 8.1 (broads, 4H, aromatic H), and 10.17 (s, lH,  CHO) 


Anal.-Calc. for C~IH~:~NOS:~ :  C, 55.19; H, 5.47; N, 5.85. Found: C, 
55.16; H, 5.68; N, 5.71. 


p-( Pyrrolidinosu1fonamido)acetophenone (If)-Compound If was 
prepared by the addition of 3.50 g (49.3 mmoles) of anhydrous pyrrolidine 
in 10 ml of acetone to 5.00 g (22.9 mmoles) of p-chlorosulfonylaceto- 
phenone (10) in 25 ml of acetone. After 2 hr of refluxing and stirring, the 
solution was poured into 75 ml of cold water. The resulting precipitate 
was collected, washed with cold water, dried in uacuo, and recrystallized 
twice from ethanol to yield 4.30 g (74%) of If as pale-yellow needles, mp 
142-144'; IR (mineral oil): 1690 (C=O) cm-I; NMR (deuterochloroform): 
6 1.65-2.00 (m, 4H, CHzCHz), 2.70 (s, 3H, COCHz), 3.20-3.50 (m, 4H, 
CH~NCHZ),  and 7.85-8.30 (m, 4H, aromatic H) ppm. 


Anal.-Calc. for C12H15NO& C, 56.95; H, 5.97; N, 5.53. Found: C, 
57.13; H, 6.16; N, 5.67. 


ppm. 


' Analyses were performed by Dr. G .  I. Robertson, Florham Park, N.J. Melting 
points were determined between glass disks on a Fisher-Johns apparatus and are 
uncorrected. NMR spectra were obtained on a Perkin-Elmer Hitachi R20A spec- 
trwneter and were calibrated against tetramethylsilane. IR spectra were obtained 
on a Perkin-Elmer 257 spectrophotometer as petroleum oil mulls. 
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comes into play. In the ion-pair counterpart, such as may exist in the 
protonated molecule, additional effects appear. 


CONCLUSION 


On the basis of NMR analyses of the salts of some cinchona alkaloids, 
it was concluded that the protonation site on these molecules varies with 
their spatial orientation and the nature of the solvent. In the process of 
changing the conformation, when moving from a polar to nonpolar sol- 
vent, the basicity of the quinuclidine nitrogen is reduced as the quinu- 
clidine and quinoline moieties get closer to each other. The proton is 
transferred from the quinuclidine nitrogen to the quinoline nitrogen, the 
ion-pair feature, which enhances hydrophilic capacity, is lost, and the 
molecule assumes a neutral feature with stronger hydrophobic bonds. 
As a result of this process, the hydrophilic-lipophilic properties of the 
molecule change in favor of a more lipophilic character. 


These findings may have an important bearing on the passage of I and 
its congeners from an aqueous to a lipoid phase. Thus, the molecule not 
only is adsorbed to a membrane, as suggested in Fig. 1, but also penetrates 
the membrane (Fig. 3). Given the opportunity, the solute will forsake the 
aqueous solution for the organic environment. 


The variation in conformation found in the studied cinchona alkaloids 


NOTES 


and their salts may contribute to their differences in biological ac- 
tivity. 
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Abstract 0 An aqueous extract of the flowering tops of Strumpfia 
maritima exhibited antifertility activity in female rats. The extract also 
contained the flavonol glycoside narcissin. This article represents the first 
reported isolation of this flavonoid from the Rubiaceae, as well as the first 
reported phytochemical and pharmacological investigation of the genus 
Strumpfia. 


Keyphrsses D Strumpfia maritima-biological and phytochemical 
investigation, isolation of narcissin Narcissin-isolation from 
Strumpfia maritima (Rubiaceae) 0 Antifertility activity-narcissin, 
flavonoid isolation from Strumpfia maritima 


Strumpfia maritima Jacq. (Rubiaceae) is a low, mari- 
time shrub found in southern Florida (l), the Bahamas (2), 
Venezuela (3), and Curacao’. The plant has a folkloric use 
as a mosquito repellent (2) and contraceptive1. In uiuo 
testing of aqueous methanol extracts showed that the roots 
were devoid of antimalarial activity (4). This paper de- 
scribes a preliminary screening of extracts of S. maritima 
for antifertility activity, as well as the isolation of narcissin 
from one of these extracts. 


RESULTS AND DISCUSSION 


The powdered, defatted flowering tops of S.  maritima were extracted 
with methanol. A phytochemical screening of this extract for alkaloids, 


Data collected by J. F. Morton. 


saponins, sterols, cardenolides or bufadienolides, flavonoids, tannins or 
polyphenols, anthraquinones, and cyanogenic glycosides (5) revealed the 
presence of sterols, tannins and/or polyphenols, and flavonoid glyco- 
sides. 


A methanolic extract was concentrated to dryness and partitioned 
between chloroform and water. Preliminary antifertility experiments 
showed that the aqueous extract administered daily (100 mg/kg ip) to 
rats significantly decreased the number of implantation sites relative to 
the number of corpora lutea of pregnancy ( p  = 0.023). No such decrease 
was seen in control rats treated simultaneously with the vehicle, 10% 
polysorbate 20. Furthermore, no such effect was seen in rats treated with 
either the petroleum ether or chloroform extracts, tested simultaneously 
with the 10% polysorbate 20 vehicle and sterol diluent control groups, 
respectively. These results are listed in Table I. 


To isolate the biologically active compound(s) from the aqueous ex- 
tract, the fraction was extracted with water-saturated 1-butanol, and the 
resulting organic extract was chromatographed over polyamide. Elution 
with distilled water and water-methanol afforded a yellow, microcrys- 
talline flavonoid glycoside as a major component. 


The UV spectrum of the isolate using standard shift reagents (7)  in- 
dicated the presence of free 5-, 7-, and 4‘-hydroxyl functions on the fla- 
vonoid nucleus. Hydrolysis of the glycoside with dilute acid (7) yielded 
isorhamnetin (melting point, mixed melting point, and UV, IR, PMR, 
and mass spectra were identical to the authentic compound) and two 
sugars. The sugars, present in equal proportions, were identified as glu- 
cose and rhamnose by TLC (8). A comparison of the UV spectra for the 
isolate and its aglycone in the presence of shift reagents indicated that 
the sugars were attached at  position 3 of the aglycone. The PMR spec- 
trum of the isolate as the trimethylsilyl ether showed signals for the 
rhamnosyl C-1 proton at  4.25 ppm and for the rhamnosyl methyl protons 
as a broad peak at0.85 ppm, indicating that the rhamnoglucoside contains 
a rutinosyl rather than a neohesperidosyl moiety (7). Finally, the isolate 
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Table I-Antifertility Effects of Strumofia maritima Extracts a 
~ ~ ~~ 


Number Number of P of Number of P of Number of 
of Corpora Lutea CL versus Live Fetuses CL versus Implantation 


Rats Treatment (CL) f SD LF (LF) f SD ISb Sites (IS) f SD 
13.33 f 1.21 6 Sterol diluentc, 1 ml/kg ip 14.50 f 1.64 0.008 12.00 f 0.89 NSd 


6 10% Polysorbate 20 , l  ml/kg ip 13.50 f 0.55 0.032 10.33 f 3.08 NS 12.00 f 2.45 
6 Petroleum ether extract, 100 mg/kg ip 13.17 f 1.72 0.014 10.50 f 1.38 NS 12.17 f 1.83 


6 Aqueous extract, 100 mg/kg ip 13.33 f 4.32 0.025 7.17 f 3.76 0.023 7.50 f 3.15 


- 5 e  Chloroform extract, 100 mg/kg ip 14.80 f 2.95 NS 11.60 f 1.52 - 


6 10% Polysorbate 2 0 , l  ml/kg ip 13.17 f 1.17 NS 11.67 f 2.42 - 12.00 f 2.00 


Portions of these data were presented at the 17th annual meeting of the American Societ of Pharmacognosy, Cable, Wis., July 1976 (Abstract 34). * A significant 
difference in this column means that the difference between the number of corpora lutea andlthe number of live fetuses could not be accounted for by the presence of 
dead, degenerating products of conception. Sterol diluent consisted of 9 mg of benzyl alcohol, 4 mg of polysorbate 80,5 mg of carboxymethylcellulose sodium, and 9 
mg of sodium chloride/ml of distilled water (6). d Not significant. The sixth rat was not pregnant at autopsy, presumably due to a failure to mate. 


was found to be identical in all respects (TLC, melting point, mixed 
melting point, and UV, IR, and PMR spectra) to authentic narcissin. 


The paucity of narcissin isolated did not permit testing for antifertility 
activity. Attempts are underway to obtain additional narcissin for bio- 
logical evaluation. This work represents the first reported phytochemical 
and pharmacological investigation of Strumpfia, as well as the first iso- 
lation of narcissin from the Rubiaceae. 


EXPERIMENTAL2 


Extraction and Chromatography-Dried, powdered flowering tops 
of S. maritima3 (5 kg) were defatted by continuous extraction with pe- 
troleum ether, air dried, and extracted continuously with methanol. The 
methanolic extract was concentrated in vacuo to a thick syrup (1.1 kg), 
which was partitioned between water (2.5 liters) and chloroform (6 X 2 
liters). After drying (sodium sulfate), the chloroform extract was evap- 
orated in vacuo to give a residue (171.2 g). The water extract was 
lyophilized to yield 333 g of a light powder. Aliquots of the petroleum 
ether, chloroform, and aqueous extracts were screened for antifertility 
activity. 


A portion of the lyophilized aqueous extract (133.2 g) was redissolved 
in water (2 liters) and extracted with water-saturated 1-butanol(5 X 2 
liters). Evaporation of the butanol extract in U ~ C U O  gave 22 g of a brown 
gum, which was dissolved in distilled water (200 ml) and applied to the 
top of a polyamide column4 (550 g). 


Isolation and Identification of Narcissin-Elution was initiated 
with distilled water (5.4 liters), followed by water-methanol a t  ratios of 
24:l (1.4 liters), 473 (1 liter), 232 (3.2 liters), 21:4 (1.8 liters), 2 3  (2 liters), 
and I:] (10.8 liters). After elution with 5.7 liters of water-methanol (l:l), 
a 500-ml fraction was obtained, which gave a yellow residue on drying 
in uacuo. Crystallization and recrystallization from warm methanol af- 
forded 184 mg of yellow microcrystals, mp 179-180’ dec., which gave a 
positive flavonoid test (7); TLC on cellulose5 gave an R f  of 0.45 with 5% 
aqueous acetic acid; UV A,,, (methanol) 356 (log E 4.18), 300 (sh), 265 
(sh), and 253 (4.26) nm; I R  vmaX 3330 (br), 2920,1660, and 1605 cm-l; 
PMR (trimethylsilyl ether6 in carbon tetrachloride): 6 0.85 (broad, 3H, 
rhamnosyl CHs), 3.2-4.0 (m, 10H, sugar H), 3.87 (s,3H, C-3’ methoxyl), 
4.23 (broad s, lH ,  rhamnosyl H-l), 5.90 (m, lH ,  glucosyl H-l),  6.10 (d, 
lH, J = 2 Hz, H-6), 6.46 (d, lH, J = 2 Hz, H-8), 6.86 (d, lH, J =: 8 Hz, 
H-59, 7.41 (d, lH,  J = 2 Hz, H-29, and 7.42 (dd, lH,  J = 2 and 8 Hz, 


Narcissin (20 mg) was hydrolyzed by mixing with 6% HCl(50 ml) and 
heating on a steam bath for 45 min. After cooling, the precipitated agly- 
cone was filtered, and the filtrate was extracted three times with ether. 
The combined precipitate and ether extracts were recrystallized twice 


H-6‘). 


~~ -~ ~ ~ ~ 


2 Melting points were determined using a Kofler bot-stage instrument and are 
uncorrected. UV and IR spectra were recorded using a Beckman model DB-G 
grating spectrophotometer and a Beckman model IR-18A spectrophotometer with 
polystyrene calibration at 1601 cm-*, respectively. PMR spectra were recorded at 
60 MHz on a Varian T-60A instrument with a Nicolet model TT-7 Fourier at- 
tachment, using tetramethylsilane as the internal standard. Mass spectral data were 
obtained on a Hitachi Perkin-Elmer model RMU-6D spectrophotometer. 


3 The flowering tops of S. rnoritirna Jacq. were collected (July 1971) in Curacao 
and identified by J.  F. Morton. A voucher specimen was deposited at the Morton 
Collectanea, University of Miami, Coral Gables, Fla. 


4 MN-polyamide SC-6, Macherey Nagel and Co., Duren, West German 
6 Precoated aluminum-backed cellulose TLC plates, E. Merck, Darmstaz, West 


Germany. 
6 Narcissin was trimethylsilylated (7) using Sil-Prep, Applied Science Division, 


Milton Roy Co. Laboratory Group, State College, Pa. 


from ethanol. The aqueous filtrate was lyophilized and subjected to 
cellulose TLC in three solvent systems: ethyl acetate-pyridine-water 
(21:2), butanol-acetic acid-water (3:1:1), and pyridine-ethyl acetate- 
acetic acid-water (36:367:21) (8). Sugars were detected with p-anisidine 
phthalate spray reagent (8). 


Antifertility Screening-Eight-week-old virgin female Sprague- 
Dawley rats were housed in environmentally controlled quarters, which 
provided 14 hr of light (5 am to 7 pm) per 24-hr period. After the animals 
had 1 week to acclimate to the environment, daily vaginal smears were 
initiated to provide information concerning their estrous cycles. On the 
12th day of taking smears, intraperitoneal injections were begun and 
continued daily throughout the experiment. Groups of six rats were each 
administered 100 mg/kg of one of the extracts (the chloroform extract 
suspended in sterol diluent or the petroleum ether or aqueous extract 
suspended in 10% polysorbate 20). Control groups, six rats each, were 
treated simultaneously with the respective vehicle at 1 ml/kg. 


On the 12th day of dosing, proven breeded males were placed in cages 
of the individually housed females. The day on which sperm were found 
in the smear or on which a plug was found in the vagina was defined as 
Day 1 of pregnancy. Rats were autopsied on Day 20 of pregnancy. The 
number of implantation sites in the uterus, equaling the number of live 
plus degenerating fetuses, was counted and compared with the number 
of corpora lutea of pregnancy found in the ovaries. 
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. Abstract a The kinetics of proquazone, a new nonacidic nonsteroidal 
anti-inflammatory drug, were investigated by equilibrium dialysis and 
red blood cell partitioning methods on human blood and its subcom- 
partments: erythrocytes, plasma, and plasma water. The binding of this 
lipophilic compound to plasma proteins and albumin was high (98%) and 
was not concentration dependent or altered in the presence of large 
concentrations of metabolites. The plasma protein binding of proquazone 
increased with increasing pH. The apparent solubility of the hydrophobic 
drug was largely increased in buffers in which albumin was admixed in 
high concentrations. Albumin as a biological solubilizer permits intra- 
venous administration of significantly larger amounts of the drug. The 
erythrocytebuffer partition coefficient averaged 5.5 and was pH de- 
pendent. Equilibrium between red blood cells and the buffer was obtained 
quickly after drug addition (<2 min). The erythrocyte-plasma partition 
coefficient value of 0.09 indicated that only unbound drug partitions into 
red cells. 


Keyphrases 0 Proquazone-erythrocyte partitioning and equilibrium 
dialysis methods evaluated for determination of plasma protein binding 
of drug 0 Protein binding-proquazone in human plasma, erythrocyte 
partitioning and equilibrium dialysis methods evaluated Anti-in- 
flammatory agents-proquazone, erythrocyte partitioning and equilib- 
rium dialysis methods evaluated for determination of proquazone binding 
to plasma proteins 


Proquazonel, a new anti-inflammatory compound (1, 
2), exhibits antiphlogistic activities in animals and humans 
comparable to those of classical, nonsteroidal anti-in- 
flammatory compounds (1-4). Its primary therapeutic 
indications are thought to be in the treatment of rheu- 
matoid arthritis, osteoarthritis, and gouty arthritis (5,6). 
However, proquazone differs chemically from other rep- 
resentatives of this drug class. It is a quinazolinone de- 
rivative (I) and a weak base2. Proquazone is strongly 
lipophilic3 with low aqueous solubility4. 


The performance and analysis of the pharmacokinetics 
of highly lipophilic compounds may cause special prob- 
lems. Intravenous experiments have not been performed 
with proquazone. Its low water solubility necessitates ei- 
ther administration of smaller dosages in aqueous solution 
or higher dosages dissolved in large and, thus, toxic 
quantities of solubilizers (e.g., glycerolformal5). Prelimi- 
nary pharmacokinetic experiments with proquazone ad- 
ministered orally to healthy subjects showed that this drug 
is metabolized extensively5. The metahydroxy- (11), 
methylhydroxymetahydroxy (III), methylhydroxy- (IV), 
and carboxylic acid (V) metabolites were identified as 
major metabolites in humans5. 


The primary aim of this study was to determine pro- 
quazone kinetics in uitro in the blood subcompartments: 
plasma, plasma water, and erythrocytes. The results are 


Biarison, Sandoz Ltd. and Wander Ltd., Switzerland. 
An apparent pKa of 1.1 was obtained for roquazone in methyl ether cellulose 


An octanol-water partition coefficient of 13.2 was obtained for proquazone 


Proquazone solubility in water is 50.1% (g/v). 
Unpublished data. 


in water (7030 v/v) by the titrimetric methogof Albert and Serjeant (7). 


a t  a pH of 1.2 for the aqueous phase and room temperature. 


R3 


I: R, = CH,, R, = R, = H 
11: R, = CH,, R, = OH, R, = H 


111: R, = CH,OH, R, = OH, R, = H 
IV: R, = CH,OH, R, = R, = H 
V: R, = COOH, R, = R, = H 


prerequisites for a proper delineation of the pharmacoki- 
netics of the drug in uiuo. Another aim was to develop an 
appropriate nontoxic intravenous dosage form for the 
administration of sufficiently large proquazone dosages 
so that its intravenous kinetics could be determined using 
the fluorometric assay developed6. 


EXPERIMENTAL 


Reagents-Proquazone' (I), [14C]proquazone1 (14C-I), and metahy- 
droxyl (II), 7-methylhydro~ymetahydroxy~ (III), 7-methylhydroxy' (IV), 
and 7-carboxylic acid' (V) metabolites were used. The specifically labeled 
14C-I ([4-phenyl-3,5-3H]proquazone) had a specific activity of 79.0 
pCi/mg. Its radiochemical purity exceeded 96% in three different TLC 
systems: chloroform-methanol (955) developed on silica gel7, ethyl ac- 
etate developed on silica ge17, and ether developed on silica gel7. 


Heparinized (5 USP unitdml) blood and human plasma with known 
protein fractions were obtained from healthy volunteers (Subjects A-I), 
who had no prior drug intake. Human albumins*9 and hemoglobinlo were 
purchased. A human albumin solution used for blood volume expansion 
in the treatment of shock was obtained from a hospital pharmacy1'. 
Different 0.067 M phosphate buffers (8) were prepared to which sodium 
chloride was added to give an osmolarity of 0.300 Osmol (pH 6.60-8.00). 
The ionic strength of the buffers varied between 0.19 and 0.27. The 
phosphate buffers were used for preparation of the erythrocyte buffer 
suspensions and the albumin and hemoglobin solutions. 


Instruments-Hematocrits of erythrocyte suspensions were deter- 
mined with a centrifuge12. A two-chamber dialysis apparatus with 
chamber volumes of 1.2 ml each, separated by a membrane13, was used 
for equilibrium dialysis of plasma and the albumin and hemoglobin so- 
lutions. Ultrafiltration of the albumin solutions was effected with high- 
flux cone membranes14. 


Liquid Scintillation Counting-Plasma, plasma water, and buffer 


Lower level of sensitivity in plasma and urine is 10 ng/ml; to be published. 
Silica gel 60 FZM, 250 pm, Merck, Darmstadt, West Germany. 
Fraction V, fatty acid free, No. A-1887, Miles Laboratories, Elkhart, Ind. 
Fraction V, fatty acid free, No. A-1887, Sigma Chemical Co., St. Louis, Mo. 


lo Type IV, crystallized twice, No. H-7379, Sigma Chemical Co., St. Louis, 


l1 Twenty percent (g/v) human albumin SRK, Berne, Switzerland. 
l2 Readacrit, Clay Adams, Division of becton-Dickinson, Parsippany, N.J. 
l3 Cuprophane, Technicon Ltd., Zurich, Switzerland. 
l4 Centriflo 50 membrane ultrafilters with conical supports and tubes, Amicon 


Mo. 


Corp., Lexington, Mass. 
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were assayed for radioactivity directly or after combustion. The radio- 
activity in erythrocytes was measured by liquid scintillation counting15 
only after hemolysis and combustion. Hemolysis was induced by keeping 
the samples frozen at  -2OO for 2 hr. Combustion was effected with a 
sample oxidizer16. The efficiency of combustion was monitored by si- 
multaneous processing of biological samples spiked with known amounts 
of radioactivity. 


Aliquots (100-500 PI) of plasma, plasma water, and buffer were 
transferred to liquid scintillation vials to which 3 ml of liquid scintillation 
fluid17 was then added. After the contents were mixed thoroughly, the 
vials were kept at 37O for 2 hr to allow the water to dissolve in the liquid 
scintillation fluid. Replicate samples of 100-500 11 of buffer, plasma, and 
hemolyzed erythrocytes were oxidized to tritiated water, which was 
subsequently dissolved in Bray’s liquid scintillation fluidls (9). The vials 
were kept for 2 hr a t  4O in the dark prior to counting. The measured ra- 
dioactivity was corrected for background and loss of efficiency by relation 
to an external standard. Separate quench curves were constructed for 
the two liquid scintillation fluids. 


Protein Binding of I-Equilibrium dialysis, erythrocyte partitioning, 
and ultrafiltration were used for the determination of I4C-I binding to 
proteins. The techniques used in equilibrium dialysis were described 
previously (10). Dialysis of the protein solutions spiked with ‘4C-I was 
performed against buffer for 4 hr. Preliminary experiments showed that 
complete equilibration of free drug in both chambers of the apparatus 
occurred during this time. All experiments were performed at 37’ a t  pH 
7.35-7.45 unless otherwise specified. 


The protein binding of 14C-I was investigated in healthy subjects 
(Subjects A-I). Subjects A-F also participated in the pharmacokinetic 
studyIg. The albumin and globulin contents of all plasma were deter- 
mined (11.12) and were within the physiological ranges of 42-54 and 
23-31 ghiter, respectively (13). The plasma protein binding of 14C-I was 
studied over the 50-50,000-ng/ml range found for the drug in phar- 
macokinetic studies after intravenous dosages of 75 and 122 mg and oral 
dosages of 300 and 900 mg. The plasma protein binding of 14C-I in the 
presence of Metabolites 11-V was investigated at a total metabolite to 
drug ratio of 201. 


Since the pH in inflamed tissue reportedly varies (14,15), the plasma 
protein binding of 14C-I was investigated in the pH range of 6.60-8.30. 
These experiments were performed in the presence and absence of 11-V. 
The influence of temperature on plasma protein binding of 14C-I was 
investigated at  37 and 22O. The albumin binding of 14C-I was studied at  
various albumin concentrations (0.5-50 mg/ml, 7.25-725 X mole/ 
liter) and 14C-I concentrations (60-60,000 ng/ml, 2.16-3370 X 
mole/liter). The purpose of these experiments was to determine the 
binding parameters of 14C-I at an albumin concentration where the 
binding of 14C-I is clearly saturable and to investigate the binding of 14C-I 
a t  albumin concentrations comparable to those in the interstitial and 
synovial fluids (16-18). All of these experiments were performed at  37O, 
and the pH was maintained at  7.35-7.45 unless otherwise specified. 
Constancy of the pH was ascertained by measurement before and after 
dialysis. 


Solubility Analysis and Protein Binding of I-Preliminary ex- 
periments established that the concentrated albumin (dissolved in buffer) 
could be employed as a “biological solubilizer” for the hydrophobic drug, 
I. These experiments indicated that the drug was highly bound to albu- 
min at  “physiological” albumin concentrations (40-50 mg/ml) and that 
the bound amounts of I were augmented significantly when the volumes 
or concentrations of the albumin solution were increased. Quick estimates 
of the maximum amounts of I soluble in albumin solutions at 22’ were 
obtained by determining the concentrations of I in increasingly concen- 
trated albumin solutions that just provoked microscopically visible drug 
precipitation. These I concentrations ranged between 4.0 and 5.0 mg/ml 
of albumin solution (200 mg/ml). This protein concentration was the 
highest that could be safely given intravenously. 


For more definitive determinations of quasimaximum dosages for in- 
travenous application, a centrifugal method and modified ultrafiltration 
were employed. With the centrifugation method, test tubes were filled 
with 5 ml of albumin solution (200 mg/ml) spiked with 14C-I dissolved 
in glycerolformal (24% v/v) to give final 14C-I concentrations of 1.6,2.4, 
and 3.2 mg/ml. After mixing for several hours a t  22O, the solutions were 


l6 Packard Tri-Carb 3280 and 3255, Packard Instruments, Downers Grove, Ill. 
l6 Model 4101, Intertechnique, Plaisir, France. 
l7 Instagel, Packard-Becker, BV, Groningen, The Netherlands. 
l8 Bray’s solution: 700 ml of 1,4-dioxane, 300 ml of toluene, 20 g of naphthalene, 


Is P. H. Hinderling and A. Rws, to be published. 
and 7 g of butyl2-phenyl-5-(4-biphenyl)-l,3,4-oxadiazole. 


Table I-Percentage of Plasma Unbound Proquazone, ~p, in the 
Presence and Absence of Its Metahydroxy, 
Methylhydroxymetahydroxy, Methylhydroxy, and Carboxylic 
Acid Metabolites in Plasma from Subject F 


Total Plasma Proquazone Dialy- Mean & SD 
Concentration (C,,). ndml sis cp (n = 3) 


50 


300 


3000 


2500 


5000 


1 1.65 
2 1.69 1.68 f 0.023 
3 1.69 
1 1.78 
2 1.79 1.78 f 0.058 
3 1.78 
1 1.85 
2 1.82 1:84 f 0.015 
3 1.84 
1 1.86 
2 1.80 1.81 f 0.050 ~ 


3 1.76 
1 1.74 
2 1.75 1.74 f 0.058 
3 1.74 


1.77 f 0.061 Overall mean f SD (n = 15) 


* The concentration ratio, 20, is the sum of unlabeled metabolites to labeled 
proquazone. 


centrifuged at 6000Xg for 10 min. Five consecutive aliquots (1 ml) then 
were taken, starting from the top and proceeding to the bottom of the 
tubes. The radioactivity in each aliquot was measured separately. Su- 
persaturation of the albumin solution and precipitations of 14C-I would 
lead to significantly increased activities in the aliquots from the bottom 
of the tubes. 


In the modified ultrafiltration procedure, unbound concentrations of 
‘4C-I were determined in albumin solutions (174 mg/ml) spiked with I4C-I 
in glycerolformal (4% v/v) to yield total drug concentrations of 3.0 mg/ml. 
A solubility “reserve” could be estimated from the difference between 
the known maximal concentration of 14C-I soluble in aqueous solution 
and the unbound concentration of ‘%-I found with the albumin solution. 
Ultrafiltration was preferred over equilibrium dialysis because of po- 
tential bias in drug binding estimates at high protein concentrations with 
the latter method. Net transport of water from the buffer to the pro- 
tein-containing chambers as a result of an osmotic pressure difference 
may lead to a considerable decrease in the effective protein concentration 
during equilibrium dialysis. Ultrafiltration experiments were performed 
at  2 2 O  with a pH 6.8 human albumin solutiong. 


The original ultrafiltration procedure (19) was modified slightly. 
Presaturation of the cone membranes with I4C-I was necessary after 
preliminary experiments demonstrated significant concentration-de- 
pendent and saturable membrane binding of I4C-I. All cone membranes 
used in the final experiments thus were presaturated routinely with I by 
filtration of the albumin solution to one-tenth of the volume after spiking 
with the appropriate concentration of 14C-I. Successful saturation of the 
membranes was demonstrated when cones that were repetitively (one 
to six times) filled with fresh albumin solution spiked with 3.0 mg of 
14C-I/ml showed constant recoveries in the second to sixth filtrate after 
10 filtrations. The 10th filtrate of the albumin solutions was reached 
after Centrifugation for 10 min at  2500Xg. Complementation of the ul- 
trafiltration procedure by equilibrium dialysis proved to be necessary 
after the filtrates were shown to contain albumin in concentrations that 
bound 14C-I significantly. The true unbound concentrations of 14C-I in 
the filtrates could be determined in the buffer chambers after they were 
subjected to equilibrium dialysis. 


Erythrocyte Partitioning of I-The determination of the erythro- 
cyte partitioning of 14C-I was performed in erythrocyte-buffers and 
erythrocyte-plasma suspensions having constant hematocrits of 40%. 
Erythrocytes for suspension in buffer were obtained by centrifugation 
of fresh whole blood. After removal of the upper layer containing the buffy 
coat, the red blood cells were washed twice with twice the volume of 0.9% 
NaCl solution and once with twice the volume of buffer. After further 
centrifugation, aliquots of erythrocytes were added to the buffer to yield 
hematocrits of 40%. Erythrocyte-plasma suspensions were obtained 
similarly. The buffy coat was removed from plasma after centrifugation 
of blood. The erythrocytes obtained were resuspended in plasma without 
prior washing. 


The red cell-buffer partitioning of I4C-I was studied over a concen- 
tration range of 50-5000 ng/ml in the presence and absence of unlabeled 
Metabolites 11-V. The ratio of total metabolite to drug was 20:l. All ex- 
periments were performed at 37O at  pH 7.30-7.45 unless otherwise 
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Table 11-Percentage of Plasma Unbound Proquazone. cp, in the Presence and Absence of Its Metahydroxy, 
Methylhydroxymetahydroxy, Methylhydroxy, and Carboxylic Acid Metabolites in Plasma of Subjects A-F 


2.0,- 


9 -  


1.0- 


- 


~~~~~~~ _ _ _ _ _ _ _ _ ~ ~  ~ ~ 


Total Plasma Proquazone 
Concentration (C, ) ,  ng/ml Subject A Subject B Subject C Subject D Subject E Subject F 


Percentage of Plasma Unbound Proquazone, cp 


300 


300” 


5000 


Overall mean 
SD 


1.96 1.82 1.95 2.09 2.04 1.78 
f 0.070 f 0.046 f 0.015 f 0.082 f 0.053 f 0.006 


- - 1.84 2.04 
A n.os6 f 0.015 


- - 


- 
2.06 1.99 2.12 2.29 2.05 1.74 


f 0.040 f 0.026 f 0.067 f 0.010 f 0.055 f 0.006 
2.02 1.90 2.04 2.19 2.05 1.79 


f 0.063 f 0.101 f 0.099 f 0.120 f 0.049 f 0.044 
n 9 6 6 6 6 9 


Q The concentration ratio, 20, is the sum of unlabeled metabolites to labeled proquazone. 


specified. The constancy of pH was ascertained by the equivalency of the 
values obtained at the start and finish of the experiments. The erythro- 
cyte-buffer partition coefficient of 14C-I in the suspensions was deter- 
mined at 10,30,60, and 90 rnin after addition of I. In another experiment, 
the partitioning of ’4C-I was studied systematically as a function of time 
over 140 min; the apparent partition coefficient was determined at  2,4, 
6,9,14,20,90,120, and 140 min following addition of I. 


In other experiments, the erythrocyte partitioning of 14C-I was studied 
as a function of pH. Red blood cell-buffer suspensions were prepared at  
pH values of 6.60,6.90,7.20, and 7.50, and the partitioning of 14C-I then 
was determined 30 and 60 rnin after I addition. The concentrations of 
14C-I were determined in both phases of the suspensions, in the apparent 
red blood cell phase and in the true buffer or plasma phase. Aliquots were 
taken and centrifuged at 2500Xg at intervals of 0.5-5 min, and the true 
buffer or plasma phases were removed. Hematocrits were determined 
in the remaining apparent erythrocyte phases; they ranged between 60 
and 95%. 


The binding of 14C-I to hemoglobin was investigated since slight he- 
molysis occurred in the erythrocyte-buffer partitioning experiments. The 
hemoglobin concentrations then were measured routinelyz0 and ranged 
between 0 and 25 mg/ml(O-3.62 X molefliter). If no corrections were 
applied for the hemoglobin-bound 14C-I in the buffer phase, then the 
partition coefficients for the drug would be underestimated. 


Erythrocyte partitioning was also employed as an alternative method 
for measuring the plasma protein binding of ‘4C-I. For comparison, the 
protein binding of I4C-I in plasma of Subject I was assayed simulta- 
neously by partitioning and equilibrium dialysis. 


RESULTS AND DISCUSSION 


Protein Binding of Proquazone21 (1)-The percentage of drug un- 
bound to plasma protein, albumin, or hemoglobin, p, was calculated ac- 
cording to: 


The binding of 14C-I to plasma protein and albumin at  “physiological” 
concentrations of 70 and 50 mg/ml of albumin was relatively large. The 
14C-I concentration-independent cp value amounted to only 2% on the 
average (Tables I and 11). The cp value was unaltered by the presence of 
large concentrations of Metabolites 11-V (Tables I and 11). There was a 
remarkably small variability of cp for a given individual plasma. The 
maximum intersubject difference in p for the subjects tested was 18% 
(Table 11). Equivalent cp values were obtained for 14C-I (5O-50,OoO ng/ml) 
with plasma and albumin (50 mg/ml). On the average, p was 1.99 f 0.155 
(n = 36) and 1.98 f 0.113 (n = 6), respectively. Large concentrations of 
metabolites did not influence the binding of “T-I to albumin [cp = 1.97 
f 0.120 (n = 2)]. 


These results indicated that 14C-I was bound predominantly to the 
albumin fraction in plasma. The extent of plasma protein binding was 
clearly pH dependent (Fig. 1) .  There was an apparent linear relationship 
between cp and pH. The cp values a t  pH 7.80 averaged 1.40 but were 2.30 
a t  pH 7.00. This difference was equivalent to a 40% rise in concentration 
of the pharmacologically active unbound drug species when the pH was 


*O Hemoglobin after transformation to hemiglobin cyanid was determined 
spectrophotometrically (20). Calibration curves were set up with Dade HiCN- 
Standards of Merz & Dade AG, Berne, Switzerland. 


The values for v, unless otherwise specified, were normalized for pH 7.40 ac- 
cording to the experimentally obtained relationship between p and pH (Fig. 1). 


lowered by 0.80 unit. The pH-dependent binding characteristics of I4C-I 
were not influenced by the presence of large concentrations of 11-V (Fig. 
1). These findings may be clinically relevant if proquazone binding to 
synovial and interstitial proteins are similarly pH dependent. It has been 
reported that the pH is low and the protein’content is increased in 
chronically inflamed synovial tissues and fluids (15,16). 


The plasma protein binding of 14C-I (5000 ng/ml) was temperature 
independent between 22 and 37O: cp ( W )  = 2.04 f 0.171 (n = 18) and cp 
(22O) = 2.05 f 0.071 (n = 2). A gradual decrease of the albumin concen- 
trations from 50 to 0.5 mg/ml(725-7.25 X molehiter) with a constant 
concentration of 14C-I (300 or 50,000 ng/ml, 1.08 or 18.0 X molehiter) 
brought a gradual increase of cp (Table 111). The cp value was identical for 
both 14C-I concentrations at a given albumin concentration in the range 
between 10.0 and 50.0 mg/ml(14.5-72.5 X molehter) (Table 111). 
Scatchard plots with an apparent positive slope (Fig. 2) characterized 
the binding behavior of I when the protein concentration was varied 
within the range of 7.25-72.5 X mole/liter. At  the lowest albumin 
concentration of 0.5 mg/ml(7.25 X 10-6 molehiter), cp clearly varied with 
the 14C-I concentrations, and the binding was saturable (Table 111 and 
Fig. 3). 


Proquazone is a lipophilic compound. Extensive binding to plasma 
protein and albumin has been reported for other lipophilic drugs (21,221. 
Proquazone is a weak base with an apparent pKa of 1.1. Its unionized 
species largely prevails at the pH range studied. The compound posesses 
two partial charges in the quinazolinone ring: a negative charge at the 
oxygen of the carbonyl group and a positive charge at the adjacent ni- 
trogen. The decrease of cp with increasing pH suggests that hydrophobic 
rather than electrostatic forces or hydrogen bonds are involved in the 
binding of 14C-I, even though the decrease of cp at  higher pH values ex- 
ceeds the increase of the unionized drug species. Alternatively, a pH- or 
ionic strength-induced conformational change of plasma protein (albu- 
min) resulting in a larger affinity for the drug may be involved. There is 
evidence that albumin is a flexible molecule which can undergo reversible 
conformational alterations (23,24). Another rationalization may be that 


4 . 1 .  , . 
I ’ ” ’ I ” ” I  ’ 6.5 7.0 7.5 8.0 8.5 


PH 
Figure 1-Apparent pH dependency of percentage of plasma unbound 
proquazone, cp, in the presence (0) and absence of its metahydroxy, 
methylhydroxymetahydroxy, methylhydroxy, and carboxylic acid 
metabolites (0). Values of mean (fSD) (vertical bars) of two experi- 
ments performed at each pH level are given. Blood of Subject I was 
used. 
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Table 111-Albumin Concentration Dependency of the 
Percentage of Unbound Proquazone, cp 


Total Proquazone Concentration Albumin, cp, mean f SD 
( C d ,  ng/ml mg/ml ( n  = 2) 


” ’ 0.3 
1 


0.05 0 . i O  0.i5 0.20 Alb 
0.01 0.02 0.03 0.04 Hb 


r 
Figure 2-Classical Scatchard plots of r/C, against r with apparent 
positive slopes for proquazone binding to albumin and hemoglobin. 
Total concentration of proquazone was 5000 nglml(l.80 X mole/ 
liter). Coefficients and standard errors of linear regressions were for the 
binding of 14C-I to albumin: r/C, = 6.67 X lo4 (f3.81 X lo2)  + 4.48 X 
l o4  ( f3 .15  X 103)r (coefficient of determination = 0.999); the slope was 
statistically significantly different from zero [two-sided t test: t (a = 
0.005) = 14.09, tealc = 14.211. Coefficients and standard errors of linear 
regressions were for the binding of  14C-I to hemoglobin: r/Cu = 1.05 X 
lo2 (f4.35) + 5.81 X lo4 ( f1 .59  X 103)r (coefficient of determination 
= 0.999); the slope was statistically significantly different from zero 
[two-sided t test: t (a = 0.001) t 31.60, tcalc = 36.631. 


a pH- or ionic strength-catalyzed molecular segregation of the protein 
occurs with an increase of binding surface (25). The 14C-I concentra- 
tion-independent plasma protein (albumin) binding indicates that there 
is an abundance of accessible binding sites, which could also explain the 
observed constancy of cp at  high concentration ratios of metabolites to 
parent drug. 


The lowering of albumin concentrations from 50 to 5 mg/ml increased 
cp but to a lesser extent than was expected. The affinity of albumin for 
14C-I a t  lower protein concentrations (40-10 mg/ml) was clearly larger 
than at  physiological concentrations (50 mg/ml) (Fig. 2). A further de- 
crease in the albumin concentration (0.5 mg/ml) brought a reduction in 
the affinity for 14C-I. The binding of 14C-I became concentration de- 
pendent and saturable (Fig. 3). These findings can be explained by re- 
versible conformational changes (23, 24) or molecular segregation (24) 
of albumin induced either by dilution or by an increased concentration 
ratio of the phosphate buffer to the protein. Phosphate buffer was shown 
to interfere with the binding of small molecules (26). Binding data should 
nut be viewed as a result of the interaction of a ligand and a protein 
molecule only. 


The possible influence of the buffer, its ionic strength and composition, 
must be evaluated critically. However, there is little choice of buffers that 
have electrolytic compositions similar to biological fluids and can be used 


1 .O -I 
G 
6 


P 


Figure 3-Modified Scatchard plot for proquazone binding to albumin 
(0.5 mglml = 7.25 X molelliter). Total concentrations of proqua- 
zone ranged between 50 and 60,000 ng/ml (= 2.16 x lO-k3.37 X 10-5 
molelliter). Graphical analysis according to Rosenthal (35) on the 
premise of the existence of two independent classes of binding sites was 
performed. Two straight lines, cb,/c, = nlAlK1 - K&bl and cb,/c, = 
nzAzK2 - K&b,, with the slopes of -K1 and -Kz, the respectiue in- 
tercepts on the abscissa of nlA1 and nzAz, and the respective intercepts 
on the ordinate of nlAlKl and naAzKz were obtained. The determined 
apparent binding parameters for proquazone were K1= 2.0 x 106 l i -  
terslmole, Kz = 1.25 X lo4 liters/mole, nl  = 0.027, and nz = 6.35. 


300 
5000 
300 


5000 
300 


5000 
5000 
300 


5000 


50 2.08 f 0.099 
2.01 f 0.064 


40 2.44 f 0.028 
2.46 f 0.035 


10 8.81 f 0.120 
8.87 f 0.028 


5 15.33 f 0.410 
0.5 60.60 f 1.56 


65.69 f 1.44 


in the biologically significant pH range (27). A buffer such as trometh- 
amine interferes with the binding of small molecules (28). The potential 
impact of contaminants on binding data also should be considered (29). 
The apparent affinity changes of albumin observed at lowered concen- 
trations are not likely to be due to contaminants or fatty acids found in 
commercial albumin preparations (29). If this were the case, a decrease 
in the concentration ratio of contaminant to drug by either lowering the 
albumin content or increasing the drug concentration should have an 
equivalent effect on the apparent affinity of the albumin for 14C-I. 
However, changes in affinity were observed only after dilution of albumin; 
an increase of the apparent affinity was seen at  concentrations between 
50 and 5 mg/ml; a decrease of the apparent affinity occurred at 0.5 mg/ 
ml. 


Similar apparent affinity increases for 14C-I were observed with dif- 
ferently diluted hemoglobin solutions (9.5-2.5 mg/ml, 13.8-3.60 X 
molehiter) that were spiked with 14C-I to give total concentrations of 300 
or 5OOO ng/ml. The binding data of 14C-I were characterized by Scatchard 
plots with positive slopes (Fig. 2). The same rationalizations may be in- 
ferred to explain the results presented for the albumin data. 


Protein Binding and Solubility Analysis of I-The results of the 
centrifugation method indicated that 14C-I at total concentrations of 1.6, 
2.4, and 3.2 fig/ml was completely dissolved in albumin (200 mg/ml). The 
radioactivity present in aliquots obtained from the bottom of the tubes 
was not different from that of the three upper aliquots and was (expressed 
in percent of the mean activities of the upper three aliquots) 104.1,99.8, 
and 101.7% for 1.6, 2.4, and 3.2 figlml, respectively, of 14C-I. 


The percentage of true unbound I4C-I (qtrue) in ultrafiltration and 
equilibrium dialysis with total concentrations of 3.0 mg of 14C-I/ml of 
albumin (200 mg/ml) was calculated according to: 


UF’ ED 
ptrue = ‘+ (Eq. 2) 


where quF’ is the apparent percentage of unbound 14C-I in the ultrafil- 
tration procedure and cpED is the true percentage of unbound 14C-I in the 
equilibrium dialysis method. The pUF value was obtained from: 


c U ‘  
qUF’ = U (Eq. 3) 


where Ct” and Cy“ correspond to the apparent unbound concentration 
of ‘%-I in the filtrate and to the total concentration of 1%-I in the spiked 
solution prior to filtration, respectively. The cpED value was similarly 
obtained from: 


C)JF 


(Eq. 4) 
CF” 
CS” 


cpED = - 
where CzD and CFD represent the albumin unbound concentration of 
14C-I in the dialysate and the total concentration of 14C-I in the albumin 
solution after dialysis a t  equilibrium, respectively. 


The mean value (fSD) for cpme in four different experiments was 10.0 
f 0.53. Accordingly, the true unbound concentration of 14C-I in the 
original albumin solution was 0.3 mg/ml, a value considerably smaller 
than the 14C-I solubility in aqueous solution ( 5 1  mg/ml). 


Based on these data, it was concluded that 14C-I could be safely given 
by the intravenous route in a total concentration of 3.0 mg/ml in albumin 
(200 mg/ml). 


Erythrocyte Partitioning of Proquazone22-The erythrocyte- 


*2 The values of PE/B were corrected for binding of “C-I to hemoglobin in buffer. 
The hemoglobin resulted from alight hemolysis of erythrocytes suspended in buffer. 
The hemoglobin concentrations in buffer ranged between 0 and 25 mg/ml, and the 
percentage of ‘4C-I bound to hemoglobin varied between 0 and 10%. The PE/B values 
were not normalized for pH 7.40. 
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Table IV-Erythrocyte-Buffer Partition Coefficient ( PE/B) and 
Erythrocyte-Plasma Partition Coefficient ( P E ~ )  of Proquazone 
in the Presence and Absence of Its Metahydroxy, 
Methylhydroxymetahydroxy, Methylhydroxy, and Carboxylic 
Acid Metabolites in Blood of Subject F 


-- 
Total “Blood” Proquazone 
Concentration (Chi). ndml (n  = 4) (n = 4) 


P E I B ,  mean f SD P E p ,  mean f S D  


50 5.33 f 0.172 0.086 f 0.020 
300 5.71 f 0.351 0.089 f 0.019 
3000 5.60 f 0.286 0.100 f 0.018 


2500 5.57 f 0.183 0.094 f 0.015 
5000 5.53 f 0.201 0.094 f 0.018 
Overall mean 5.55 f 0.254 0.093 f 0.017 


The concentration ratio, 20, is the sum of unlabeled metabolites to labeled 
proquazone. 


buffer partition coefficient, P E I B .  was defined (30) as: 


where C, and C,  correspond to the true erythrocyte and buffer (plasma 
water) concentrations of “C-1, respectively, after equilibration. Analo- 
gously, the erythrocyte-plasma partition coefficient, P E p ,  is: 


(Eq. 6) Ce 
P E I P  = - ct 


where Ct represents the total (bound and unbound) concentration of I4C-I 
.in plasma after equilibration. 


In the centrifugation method, C ,  or Ct was measured in buffer or 
plasma after centrifugal separation. The apparent erythrocyte concen- 
tration (C,O was measured in the remaining concentrated erythrocyte 
suspension. The hematocrit (Hc’) of these suspensions was measured, 
and the true erythrocyte concentration of 14C-I (C,) was determined for 
the erythrocyte-buffer and erythrocyte-plasma suspensions, respectively, 
from: 


c,. - [(I - Hc’)C,] c, = 
Hc‘ 


C,, - [(l - H c ’ ) C ~ ]  c, = 
Hc’ 


The red blood cell partitioning of 14C-I from buffer was large. The PE/R 
value averaged 5.5 (Tables IV and V), which is characteristic for lipophilic 
compounds (21, 31). The apparent red blood cell partitioning of 14C-I 
from plasma was much smaller and averaged 0.09 (Table IV). The PEIB 
and P E ~  values were not dependent on the concentration of 14C-I within 
the range studied (50-50,000 ng/ml). There was good reproducibility of 
PEIB values in individual blood samples and red blood cell suspensions 
(Tables IV and V). The maximum percent interindividual difference in 
p E / B  was 7% in the blood samples from the subjects (Table V). The red 
blood cell partitioning of “C-I was invariant in the presence of a large 
concentration ratio of total metabolites to parent drug (Tables IV and 
V). The extent of the red blood cell partitioning from buffer clearly de- 
pended on the pH of the suspensions. The P E / B  value increased appar- 
ently linearly with increasing pH (Fig. 4) and was (n  = 2) 4.72 (f0.100), 
5.05 (f0.108), 5.40 (f0.219), and 5.80 (f0.176) at pH 6.62,6.91,7.23, and 
7.53, respectively. This increase was equivalent to a 23% increase of the 
erythrocyte concentration of W-I within the pH 6.62-7.53 range. 


The P E I B  value was invariant with time a t  the four pH levels studied 
(Fig. 4). Equilibration of 14C-I between erythrocytes and buffer was rapid 
and completed in <2 min after addition of I a t  pH 7.4. The ratio of the 
erythrocyte concentration to the buffer concentration was time inde- 
pendent from 2 to 140 min after spiking, with the P E / B  value remaining 
constant a t  5.23 f 0.142 (n = 9). This finding suggested that all parti- 


1 


tioning values of 14C-I obtained in these studies represented equilibrium 
values. A rapid attainment of equilibrium between red blood cells and 
buffer or plasma is consistent with the strongly lipophilic properties of 
14C-I (32). The large P E / B  value of 5.5 found for I4C-I indicated that there 
is an additional binding to, or greater solubility in, the red blood cells than 
can be accounted for by the assumption that the volume of the erythro- 
cytes contained only an aqueous phase, wherejn I4C-I has the same 
chemical activity in buffer or plasma water. Red blood cell structures, 
which reportedly bind drug quantitatively, are hemoglobin (32), the 
membrane (33), and the enzyme carbonic anhydrase (34). The observed 
pH-dependent binding of 14C-I to red blood cell structures is comparable 
to that to plasma proteins described earlier. Similar rationalizations may 
be given to explain both of these findings. 


The results obtained for I4C-I with proteins and erythrocytes indicate 
that studies of the binding kinetics of highly bound ligands may be useful 
in detecting and quantifying conformation and aggregation changes of 
extracellular and cellular macromolecules. 


If only the plasma unbound drug partitioned into red blood cells, es- 
timates of cp could be obtained from the erythrocyte partitioning method. 
The value of cp was defined in Eq. 1. If Eqs. 5 and 6 are solved for C, and 
Ct , respectively, and the resulting expressions are substituted into Eqs. 
7a and 76, upon rearrangement Eq. 8 is obtained: 


cp = 102 (2) (Eq. 8) 


and cp can be calculated directly from the erythrocyte-buffer and 
erythrocyte-plasma partition coefficients. The usefulness of the red cell 
partitioning method for protein binding determinations was demon- 
strated by the equivalent results obtained with this method and with 
equilibrium dialysis. On the average, constant cp values of 1.68 f 0.255 
(n = 20) and of 1.77 f 0.026 (n  = 15) were obtained with red cell parti- 
tioning and equilibrium dialysis, respectively, for the concentration range 
of 50-5000 ng of 14C-I/ml. The close agreement of the binding data ob- 
tained with the two methods confirms that only unbound drug partitions 
into red blood cells. However, the precision of equilibrium dialysis was 
clearly greater than that of the partitioning method. 
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Abstract 0 An ion-pair reversed-phase high-performance liquid chro- 
matographic (HPLC) method, using an electrochemical detector, is 
presented for the simultaneous and rapid quantitation of imipramine, 
desipramine, and their 2-hydroxylated metabolites in plasma. The drugs 
are extracted from 1 ml of plasma at pH 9.7 with ether, back-extracted 
into 0.1 M HCl, and reextracted into ether following alkalinization. An 
efficient electrochemical oxidation reaction at the detector electrode 
affords a low detection level of -5 ng/ml in a mobile phase of acetoni- 
trile-acetate buffer (4060) containing 0.005 M heptanesulfonate. Patient 
data are presenteb as correlations between the plasma level of each hy- 
droxy metabolite and its respective parent compound. The method is 
applicable to the laboratory experienced in HPLC. 


Keyphrases Imipramine-simultaneous determination with des- 
ipramine and their 2-hydroxy metabolites, ion-pair reversed-phase 
high-performance liquid chromatography 0 Desipramine-simultaneous 
determination with imipramine and their 2-hydroxy metabolites, ion-pair 
reversed-phase high-performance liquid chromatography High-per- 
formance liquid chromatography-simultaneous determination of im- 
ipramine, desipramine, and their 2-hydroxy metabolites 


Considerable interest exists in the relationship between 
the plasma concentration of tricyclic antidepressant drugs 
and the therapeutic outcome or side effects, and this 


subject was reviewed recently (1,2). There seems to be a 
consensus that there is a therapeutic range for nortripty- 
line and a minimum effective level for imipramine plus 
desipramine in patients with “endogenous-type depres- 
sion”; a therapeutic range also was suggested for desipra- 
mine (3). Data for amitriptyline, however, are much more 
controversial (4), and other tricyclic antidepressants have 
not been studied adequately. 


BACKGROUND 


Until recently, the role of the hydroxylated metabolites of the tricyclic 
antidepressant drugs has been largely ignored, because it was assumed 
(erroneously) that these metabolites were not psychoactive, did not cross 
the blood-brain barrier, and were rapidly excreted. Christianssen and 
Gram (5) demonstrated that these hydroxylated metabolites were present 
in the central nervous system in an acute overdose case. Several studies 
demonstrated considerable quantities of unconjugated and conjugated 
hydroxy metabolites of tricyclic antidepressants in the plasma of treated 
patients (6-11). 


It is now known that the hydroxy metabolites of imipramine have 
strong cardiovascular activity (12,13) and are essentially equipotent to 
the parent compound in the blockade of norepinephrine and 5-hydrox- 
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ticular note was the failure of many attempts to obtain crystalline 
products of I or analogs of I when they were attached to CO(III) or Cr(III), 
although the iminodiacetic acid and methyl iminodiacetic acid complexes 
are prepared and isolated easily. It is hoped that the approach outlined 
here for gaining information on the structure of wmTc-labeled radio- 
pharmaceuticals will be useful for understanding the mechanisms of lo- 
calization of currently used radiopharmaceuticals and in the design of 
new radiopharmaceuticals. 
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Abstract 0 Two radioiodinated analogs of benzoylcholine were inves- 
tigated as possible myocardial-imaging agents. 0-( [2-1251]Iodobenzoyl)- 
choline and N-( [2-1251]iodobenzoyl)cholamine were prepared by 
nucleophilic substitution of sodium [1251]iodide for stable iodine in 0- 
(N,N-dimethylaminoethyl)-2-iodobenzoate and N-(N‘,N’-dimethyl- 
aminoethyl)-2-iodobenzamide, respectively, and by methylation with 
methyl iodide. The in uiuo distribution of each compound in mice was 
determined as a function of time. Favorable heart-to-blood and heart- 
to-lung ratios were obtained with N-( [2-1251]iodobenzoyl)cholamine. 


Keyphrases 0 Benzoylcholine, radioiodinated analogs-synthesized 
and evaluated as possible myocardial-imaging agents, biodistribution 
studies in mice Radionuclide imaging, myocardial-radioiodinated 
benzoylcholine analogs synthesized and evaluated for use as myocar- 
dial-imaging agents, mice Radiopharmaceuticals, iodinated-ben- 
zoylcholine analogs, synthesis and evaluation for use as myocardial- 
imaging agents, mice 0 Biodistribution-radioiodinated benzoylcholine 
analogs synthesized and evaluated for use as myocardial-imaging agents, 
mice 


The use of radiolabeled enzyme inhibitors as potential 
organ-imaging agents has been suggested by several in- 
vestigators. Wieland et al. (1) studied the distribution of 
several radiolabeled inhibitors of the adrenal cortex en- 
zymes, 20a-hydroxylase, 1 ID-hydroxylase, and 17a-hy- 
droxylase. The finding that some of these inhibitors lo- 
calized in the adrenal cortex suggested that radiolabeled 
enzyme inhibitors might be useful in the design of new 
diagnostic radiopharmaceuticals. 


BACKGROUND 


Recently, Burns et al. (2) studied the distribution of a simple, positively 
charged inhibitor of acetylcholinesterase. Their results suggested that 
labeled inhibitors of acetylcholinesterase might be useful as myocar- 
dial-imaging agents due to relatively high levels of acetylcholinesterase 
activity in the heart of some species. 


Another study demonstrated that the cholinesterases of erythrocytes 
and plasma were different (3). The work of several investigators (4-8) 
clearly established the distinguishing characteristics between acetyl- 
cholinesterase (true cholinesterase or acetylcholine hydrolase) and 


v : x = o  
VI: X = NH 


pseudocholinesterase (butyrylcholinesterase or acylcholine acylhydro- 
lase). Acetylcholinesterase predominates in erythrocytes, the central 
nervous system, and the motor endplates of skeletal muscle. Pseudo- 
cholinesterase predominates in the liver, plasma, and many types of 
smooth muscle. Both enzymes occur in high concentrations in autonomic 
ganglia (9). In some species, the distribution of pseudocholinesterase 
activity (10) indicates that an appropriate radiolabeled substrate or in- 
hibitor might be a useful imaging agent for the myocardium. 


Many compounds are hydrolyzed by pseudocholinesterase including 
butyrylcholine, acetylcholine, and benzoylcholine. The fact that ben- 
zoylcholine is a substrate for butyrylcholinesterase, coupled with the 
observation that iodoaryl compounds are generally resistant to in uivo 
deiodination (ll),  prompted the investigation of two radioiodinated 
analogs of benzoylcholine as potential myocardial-imaging agents. This 
report details the syntheses and preliminary biological studies of 0- 
( [ 2- lZsI] iodobenzoyl)choline (V) and N- ( [ 2- 1251] iodobenzoyl) cholamine 
(VI). 


EXPERIMENTAL’ 


O-(N,N-Dimethylamithyl)-2-iodobenzoat (I)-2-Iodobenzoic 
acid (19.7 g, 0.077 mole), thionyl chloride (19.2 g, 0.162 mole), and a cat- 
alytic amount of dimethylformamide (50 pl) were warmed gently in a 
water bath. The evolution of hydrogen chloride and sulfur dioxide ceased 
after 60 min, and the solution was evaporated under reduced pressure 
to remove excess thionyl chloride. Benzene (100 ml) was added to the 


PMR spectra were obtained on a Varian T-60 spectrometer, with chemical shifts 
re rted relative to tetramethylsilane or 3-(trimethylsilyl)propionic acid sodium 
s g a s  noted. IR spectra were recorded on a Pye-Unicam SP-lo00 spectrometer. 
Melting points were determined in a Mel-Temp apparatus and are uncorrected. 
Elemental analyses were performed by Robertson Microanalytical Laboratory, 
Florham Park, N.J. Radioactive iodine was obtained from New England Nuclear 
Co . aa a carrier-free solution of sodium [126I]iodide in a pH 8-10 aqueous solution 
(re%ctant free) at a specific activity of -350 mCiml. The solution was diluted with 
normal saline to a specific activity of 10 mCi/ml. 
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light-yellow oil that remained, and 2-dimethylaminoethanol (6.59 g, 0.074 
mole) was added dropwise with stirring. After refluxing for 120 min, the 
solution was allowed to cool to room temperature. 


The hydrochloride salt of the product was extracted into water (75 ml). 
Sodium hydroxide (5 ml, 10%) was added to the aqueous phase, which 
was extracted with ether (25 ml). This process was repeated five times. 
The ether extracts were dried (magnesium sulfate) and then concentrated 
under reduced pressure to yield 14.6 g (62%) of pale-yellow oil. The 
product was isolated as the hydrochloride salt for analysis, mp 162- 
163.5'; IR (mineral oil): 1725 (C=O) cm-l; PMR [deuterium oxide, 3- 
(trimethylsily1)propionic acid sodium salt]: 6 3.00 [s, 6H, N(CH&], 
4.50-4.73 (m, 4H, CHzCHz), 6.80-7.43 (m, 2H, aromatic H-4,H-5), and 
7.60-7.82 (m, 2H, aromatic H-3,H-6) ppm. 


Anal.-Calc. for C11H141N02-HCl: C, 37.15; H, 4.25; N, 3.94. Found: 
C, 36.95; H, 4.40; N, 3.81. 


0-(2-Iodobenzoylfcholine Iodide (11)-Methyl iodide (7.1 g, 50 
mmoles) was added to a solution of 1 (4.0 g, 12.5 mmoles) in chloroform 
(50 ml). The solution was refluxed for 60 min and then allowed to  cool 
to room temperature. The precipitate that formed was collected by fil- 
tration, washed twice with ether, and dried in  uacuo, yielding 5.48 g (95%) 
of white needles, mp 148-149'; IR (mineral oil): 1720 (C=O) cm-I; PMR 
(dimethyl sulfoxide-de, tetramethylsilane): 6 3.40 Is, 9H, +N(CH&], 4.05 
(m, 2H, CHzN), 4.80 (broads, 2H. COOCHz), 7.12-7.70 (m, 2H, aromatic 
H-4,H-5), and 7.80-8.13 (m, 2H, aromatic H-3,H-6) ppm. 


Anal -Calc. for C ~ Z H ~ ~ I Z N O ~ :  C, 31.26; H, 3.72; N, 3.04. Found: C, 
31.11; H, 3.72; N, 2.99. 
N-(N',N'-Dimethylaminoethyl)-2-iodobenzamide (111)-2-10- 


dobenzoic acid (5.0 g, 0.02 mole), thionyl chloride (5.05 g, 0.042 mole), 
and a catalytic amount of dimethylformamide (50 pl) were warmed gently 
in a water bath. The solution was treated as was I to yield a light-yellow 
oil, which was added to a solution of NJV-dimethylethylenediamine (1.70 
g, 0.019 mole) in 10% NaOH (50 ml). After stirring for 30 rnin at  room 
temperature, the precipitate that formed was collected by filtration and 
recrystallized from hot ethanol-water to yield 4.27 g (70%) of white 
crystals, mp 113.5-115.5'; IR (mineral oil): 1640 (C+) and 3160 (N-H) 
cm-'; PMR (chloroform-d, tetramethylsilane): 6 2.10 [s, 6H, N(CH&], 
2.45 (t, 2H, CHzN), 3.44 (q, 2H, CONHCHz), 6.73 (broads, lH, CONH), 
6.90-7.42 (m, 3H, aromatic H), and 7.78 (d, lH,  aromatic H ortho to 
amide) ppm. 


Anal.-Calc. for CnH15IN20: C, 41.53; H, 4.75; N, 8.80. Found: C, 
41.54; H, 4.80; N, 8.69. 
N-(2-Iodobenzoyl)cholamine (IV) Iodide-Methyl iodide (1.12 g, 


7.8 mmoles) was added to a solution of I11 (2.5 g, 7.8 mmoles) in chloro- 
form (50 ml), and then the solution was stirred for 60 min a t  room tem- 
perature. The precipitate that formed was collected by filtration and 
recrystallized from 1-propanol to yield 2.56 g (71%) of white crystals, mp 
156-157.5'; IR (mineral oil): 1650 (CEO) and 3300 (N-H) cm-I; PMR 
(dimethyl sulfoxide-do, tetramethylsilane): 6 3.35 [s, 9H, +N(CH&], 3.75 
(broads, 4H, CHzCHz), 7.11-7.63 (m, 3H, aromatic H), 7.93 (d, lH, aro- 
matic H ortho to amide), and 8.97 (broad s, lH, CONH) ppm. 


Anal.-Calc. for C12H&N20: C, 31.33; H, 3.94; N, 6.09. Found: C, 
31.46; H, 4.04; N, 6.02.- 
O-(12-12S1110dobenzovl)choline (Vb Chloride-A small aliauot of .- 


an aqueous stbck solution-of sodium [iz51]iodide (10 mCi/ml) containing 
0.1 mCi was mixed with methanol (100 p l )  and evaporated to dryness in 
a 1-ml serum vial. Compound I (10 mg, 0.03 mmole) was added to the vial, 
which was sealed with a vented polytef-lined stopper. The vial was heated 
in an oil bath at 103' for 20 min and then was allowed to cool to room 
temperature. A saturated sodium metabisulfite solution (250 pl) was 
added to the vial, and the pH of the resulting solution was adjusted to 
11 with 10% NaOH. The solution was extracted three times with chlo- 
roform (500 PI). The chloroform extracts, which contained 60% of the 
initial activity, were combined and dried over magnesium sulfate. 


Methyl iodide (100 pl, 1.6 mmoles) was added to the solution, which 
was refluxed for 30 min and then cooled to room temperature. The 
chloroform was extracted twice with normal saline (1 ml). More than 95% 
of the remaining activity was found in the saline extracts, resulting in an 
overall radiochemical yield of 57%. The saline extracts were passed 
through a 1 X 3-cm column of anion-exchange resin2 eluted with normal 
saline. The solution was passed through a 0.22-pm filter3 and diluted with 
saline to an activity of 10 pCi/ml. The specific activity of the product was 
-1.9 mCi/mmole. The radiochemical purity was verified by TLC prior 
to the biodistribution studies. 


N-([2-12KI ]Iodobenzoyl)cholamine (VI) Chloride-A small aliquot 


2 Bio-Rad AG-1x8, chloride form. 
Type GS, 0.22 pm, Millipore Corp. 


(0.1 mCi) of an aqueous stock solution of sodium [1251]iodide was prepared 
as described for V. Compound 111 (10 mg, 0.03 mmole) was added to the 
vial, which was sealed with a vented polytef stopper and immersed in an 
oil bath at  120' for 15 min. After the vial was allowed to cool to room 
temperature, the reaction mixture was treated as described for V. The 
chloroform extracts contained 48% of the initial activity, and the saline 
extracted >95% of the remaining activity, resulting in an overall radio- 
chemical yield of 46%. The specific activity of the product was -1.6 
mCi/mmole. The radiochemical purity was verified by chromatographic 
methods prior to use in the biodistribution studies. 


TLC4-The radiochemical purity of the products was verified using 
TLC with the following solvent systems: acetone-water (4:1), chloro- 
form-methanol (41), and chloroform-methanol-30% ammonium hy- 
droxide (10:1.5:0.1), Table I shows the Rf  values determined for I-IV, 
2-iodobenzoic acid, sodium [1251]iodide, and 2-iodohippuric acid. 


Biodistribution Studies-The tissue distributions of V and VI were 
determined as a function of time in normal ICR mice. The mice, 30-40 
g, were divided in groups of six and sacrificed under ether anesthesia a t  
5,30,60, and 120 min following the intravenous administration of 1 pCi 
of either compound in 0.1 ml of saline. Samples of blood, heart, lungs, 
kidneys, liver, spleen, and muscle were taken and counted in a scintilla- 
tion well counter. Care was taken to prevent urine from contaminating 
the carcass when the bladder was removed. The results were expressed 
as the percentage of injected dose per organ and per gram of wet 
tissue. 


Samples of urine were collected at various intervals and developed on 
TLC using the described solvent systems. The radiochromatograms were 
compared with the original samples. 


RESULTS AND DISCUSSION 


Standard methods of electrophilic carrier-free iodinations (e.g., lac- 
toperoxidase or N-chloro-p-toluenesulfonamide sodium salt) are not 
useful for preparation of iodoaryl compounds where the aromatic ring 
contains deactivating groups. However, halogens bound to an aromatic 
ring in a position ortho to an electron-withdrawing group are activated 
with respect to nucleophilic substitution. While this method does not 
produce the high specific activity product produced by electrophilic io- 
dination, it does allow for the rapid incorporation of radioactive iodine 
into a molecule of known structure. 


Labeling of both I and I11 by nucleophilic isotopic exchange under high 
temperature conditions was achieved without significant decomposition, 
as confirmed by TLC. The reaction products were methylated easily with 
methyl iodide and extracted into saline for use in the biodistribution 
studies. Compound V was stable in aqueous solution for several weeks 
when refrigerated at  5', and VI was stable for several months under the 
same conditions. 


The biodistributions of V and VI were determined at 5,30,60, and 120 
min postinjection (Tables 11-V). Compound VI cleared rapidly from the 
blood, with only 1.7% of the injected dose remaining in circulation 5 rnin 
after injection. More than 30% of the injected dose was excreted via the 
kidneys after 5 min postinjection. Chromatography of urine samples a t  
various intervals indicated that VI was excreted unchanged, with no 
evidence of amide hydrolysis or deiodination. Its accumulation in the 
heart was significant, 6.4% of the dose/g at  5 rnin postinjection. Although 
the activity in the heart did not remain constant, the compound cleared 
slowly enough that heart-to-blood ratios of >6 and heart-to-lung ratios 
of >2 were maintained at  least 2 hr after administration (Table VI). 


Unlike VI, V exhibited no significant accumulation in the heart, with 
heart-to-blood and heart-to-lung ratios of <1 at all times studied (Table 
VI). Compound V cleared slowly from the circulation, with 17.4% of the 
injected dose remaining after 5 min and -3% remaining after 30 min. The 
clearance from the body was rapid, with only 25% of the injected dose 
remaining after 30 min and <lo% remaining after 60 min. 


Excretion of V was primarily via the kidneys. Chromatography of urine 
samples at various intervals indicated that the compound was hydrolyzed 
and excreted in the form of [2-125I]iodobenzoic acid. The fate of the hy- 
drolyzed choline could not be determined by these experiments. The 
observation that 2-iodobenzoic acid, which is generated by the hydrolysis 
of V, was excreted intact was unexpected. Substituted benzoic acids are 
conjugated in uiuo with glycine to form the corresponding substituted 
hippuric acids prior to excretion (12). However, TLC of an authentic 
sample of 2-iodohippuric acid6 in acetone-water and chloroform- 
methanol showed that it was excreted as 2-iodobenzoic acid. 


4 Chromatography was performed on Baker-flex silica gel IB-F (7.5 X 2.5 em). 
Hippuran, Mallinckrodt Chemical Works, St. Louis, Mo. 
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Table I-TLC Rr Values 


Sodium 2-Iodobenzoic 2-Iodohippuric 
System" I I1 I11 IV (1251]Iodide Acid Acid 


A 0.60 0.24 0.25 0.20 0.71 0.75 0.49 
B 0.60 0.11 0.55 0.12 0.31 0.50 0.11 
C 0.66 0.04 0.70 0.06 0.60 0.10 0.00 


A = acetone-water (41), B = chloroform-methanol (41), and C = chloroform-methanol-ammonium hydroxide (101.50.1). 


Table 11-Biodistribution of O-([2-1251]Iodobenzyl)choline in Mice 


Orean 
Mean Percent of Dose per Organ f SD" 


5 min 30 rnin 60 rnin 120 min - 
0.45 f 0.25 0.18 f 0.07 Bloodb 17.44 f 1.97 3.05 f 1.02 


Heart 0.52 f 0.07 
0.02 f 0.01 Lungs 1.07 f 0.15 0.23 f 0.06 0.03 f 0.01 


Kidneys 14.38 f 1.94 4.60 i 2.80 0.34 f 0.17 0.18 f 0.24 
Liver 5.64 f 0.85 1.40 f 0.36 0.22 f 0.08 0.09 f 0.03 


0.01 f 0.01 
Carcass 41.37 f 4.19 15.70 f 4.72 5.52 f 3.92 1.86 f 0.72 
Total 80.6 25.1 6.5 2.3 


0.08 f 0.02 0.01 f 0.01 - C 


Spleen 0.19 f 0.03 0.07 f 0.02 0.01 f 0.01 


Six mice studied at  each time. Based on 7% of the body weight. Not significantly above background. 


Table 111-Biodistribution of O-([2-1251]Iodobenzoyl)choline in  Mice 


Mean Percent of Dose per Gram f SD" 
Orean 5 min 30 rnin 60 rnin 120 min 
I 


Blood 6.08 f 1.28 1.43 f 0.44 0.19 f 0.12 0.09 fb0.03 
Heart 3.36 f 0.31 0.81 f 0.29 0.09 f 0.05 - 
Lungs 4.56 f 0.48 0.99 f 0.25 0.16 f 0.06 0.07 f 0.04 
Kidneys 27.88 f 3.59 12.36 f 6.99 0.80 f 0.51 0.36 f 0.47 
Liver 2.91 f 0.47 0.77 f 0.19 0.13 f 0.06 0.05 f 0.01 


0.05 f 0.02 Spleen 1.69 f 0.43 0.54 f 0.20 0.10 f 0.04 
Muscle 1.15 f 0.12 0.40 f 0.17 0.07 f 0.06 0.05 f 0.08 


Six mice studied at  each time. b Not significantly above background. 


Table IV-Biodistribution of N-([2-129]Iodobenzoyl)cholamine in Mice 


Mean Percent of Dose per Organ f SD" 
Organ 5 min 30 rnin 60 rnin 120 min - 


Blood 1.68 f 0.23 0.59 f 0.18 0.57 f 0.13 0.23 f 0.08 
Heart 1.10 f 0.20 0.71 f 0.12 0.45 f 0.09 0.10 f 0.03 


0.06 f 0.02 Lungs 0.85 f 0.17 0.35 f 0.27 0.17 f 0.02 
0.48 f 0.49 Kidneys 7.90 f 4.37 1.75 f 0.88 1.12 f 0.44 


6.53 f 1.70 0.99 f 0.28 Liver 24.43 f 3.02 9.95 f 2.79 
Spleen 0.10 f 0.03 0.08 f 0.02 0.06 f 0.01 0.03 f 0.01 
Carcass 30.68 f 6.63 20.31 f 4.14 19.16 f 3.69 14.19 f 4.36 
Total 66.7 33.7 28.1 16.0 


Six mice studied at  each time. Based on 7% of the body weight. 


Table V-Biodistribution of N-([2-1251]Iodobenzoyl)cholamine in  Mice 


Organ 
Mean Percent of Dose per Gram f SD" 


5 min 30 rnin 60 rnin 120 min 


Blood 
Heart 
Lungs 
Kidneys 
Liver 
Spleen 
Muscle 


0.61 f 0.12 
6.40 f 1.59 
2.80 f 0.66 
14.54 f 10.03 
12.95 f 1.71 
0.78 f 0.19 
0.34 f 0.08 


0.21 f 0.06 
4.64 f 0.63 
1.29 f 0.59 
3.43 f 1.84 
4.96 f 1.23 
0.66 f 0.09 
0.26 f 0.14 


0.21 f 0.05 
3.20 f 0.75 
0.69 f 0.16 
2.26 f 0.72 
3.67 f 0.95 
0.56 f 0.14 
0.21 f 0.04 


0.08 f 0.03 
0.51 f 0.21 
0.21 f 0.09 
0.74 f 0.75 
0.48 f 0.19 
0.20 f 0.06 
0.19 f 0.07 


a Six mice studied at  each time. 


Table VI-Heart-to-Blood and Heart-to-Lung Ratios as a 
Function of Time in Mice 


5 min 30 rnin 60min 120min 


V 


VI 


Heart/blood 0.6 0.6 0.5 NAa 
Heartflung 0.7 0.8 0.6 NA 


Heartblood 10.5 22.1 15.2 6.4 
He art f l  u n g 2.3 3.6 4.6 2.4 


a Not available. 


Positively charged quaternary ammonium compounds can bind to the 
negatively charged anionic pocket of the cholinesterase active site by a 
combination of coulombic and van der Waals' dispersion forces (13). 
Compounds V and VI were designed to interact with the enzyme as a 
result of these interactions. It is possible that V is a substrate for pseu- 
docholinesterase (6) in light of the active hydrolysis of benzoylcholine 
by that enzyme. Enzymatic hydrolysis may account for the high blood 
activity found in the biodistribution studies and the urinary excretion 
of [2-1251]iodobenzoic acid. On the other hand, by virtue of its amide 
functionality, which is more stable to hydrolysis by esterase enzymes, 
VI is not expected to be a substrate for either pseudocholinesterase or 
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acetylcholinesterase. Although VI was prepared as an inhibitor of pseu- 
docholinesterase and may be an inhibitor of acetylcholinesterase, there 
is no evidence that the uptake of VI by the heart is related to binding to 
either enzyme. In vitro studies are in progress to investigate the specific 
mechanism responsible for the accumulation of VI in heart muscle. 


The simple, rapid synthetic technique employed in the preparation 
of VI would easily allow the 13-hr half-life of iodine 123, which has ex- 
cellent imaging characteristics, to be substituted for the stable iodine in 
the molecule. The apparent in uivo stability and the high heart-to-blood 
and heart-to-lung ratios obtained in mice with VI suggest that iodine 
123-labeled VI may be useful for imaging the heart in humans and war- 
rants further study as a myocardial-imaging agent. 


REFERENCES 


(1) D. M. Wieland, R. D. Ice, and W. H. Beierwaltes, J. Nucl. Med., 


(2) H. D. Burns, L. G. Marzilli, R. F. Dannals, T. E. Dannals, T. C. 


(3) G. A. Alles and R. C. Hawes, J. Biol. Chern., 133,375 (1940). 
(4) K.-B. Augustinsson, Acta Physiol. Scand., 15 (Suppl. 52), 1 


( 5 )  K.-B. Augustinsson, in “Handbook of Experimental Pharma- 


17.525 (1976). 


Trageser, P. Conti, and H. N. Wagner, Jr., ibid., 21,875 (1980). 


(1948). 


cology,” vol. 15, G. B. Koelle, Ed., Springer-Verlag, Berlin, Germany, 
1963, pp. 89-128. 


(6) B. Mendel, D. B. Mundell, and H. Rudney, Biochern. J., 37,473 
(1943). 


(7) B. Mendel and H. Rudney, ibid., 37,59 (1943). 
(8) D. Nachmansohn and M. A. Rothenburg, J. Biol. Chern., 158,653 


(1945). 
(9) G. B. Koelle, in “Handbook of Experimental Pharmacology,” vol. 


15, G. B. Koelle, Ed., Springer-Verlag, Berlin, Germany, 1963, pp. 
187-298. 


(10) M. G. Ord and R. H. S. Thompson, Biochern. J., 46, 346 
(1950). 


(11) R. E. Counsel1 and R. D. Ice, in “Drug Design,” vol. VI, E. J. Ar- 
iens, Ed., Academic, New York, N.Y., 1975, p. 187. 


(12) H. G. Gray, B. G. Humpris, W. V. Thorpe, K. White, and P. B. 
Wood, Biochern. J., 59,162 (1955). 


(13) A. R. Main, in “Biology of Cholinergic Function,” A. M. Goldberg 
and I. Hanin, Eds., Raven, New York, N.Y., 1976, p. 281. 


ACKNOWLEDGMENTS 


Supported in part by U.S. Public Health Service Grants GM-10548 
and HL-17655. 


Effect of Macromolecules on Aqueous Solubility of 
Cholesterol and Hormone Drugs 


DONALD E. CADWALLADERx and DEVENDRA K. MADAN 
Received August 6,1980, from the Department of Pharrnaceutics, School of Pharmacy, University of Georgia, Athens, GA 30602. 
for publication October 1,1980. 


Accepted 


Abstract 0 The solubility of cholesterol and some hormone drugs in 
aqueous macromolecule solutions was investigated. Polyvinylpyrrolidone, 
dextrans, and heparin increased the solubilities of progesterone, testos- 
terone, and diethylstilbestrol, while acacia, pectin, and carrageenans 
decreased their solubilities. Dextrans increased the solubilities of cho- 
lesterol and the three hormone drugs. Acacia and pectin greatly increased 
cholesterol solubility; however, these macromolecules significantly de- 
creased progeaterone and diethylstilbestrol solubilities and slightly de- 
creased testosterone solubility. Heparin decreased cholesterol solubility 
and increased progesterone, testosterone, and diethylstilbestrol solu- 
bilities. Carrageenan8 significantly decreased cholesterol, progesterone, 
and testosterone solubilities and had little effect on diethylstilbestrol 
Bolubility. A strong bathochromic shift in the absorption spectra of 
progesterone and testosterone in polyvinylpyrrolidone solutions indicated 
an attachment between the polymer and the C=O group of the ste- 
roids. 


Keyphrases Cholesterol-effect of macromolecules on aqueous sol- 
ubility 0 Hormone drugs--effect of macromolecules on aqueous solu- 
bility 0 Solubility-cholesterol and hormone drugs, effect of macro- 
molecules Macromolecules-effect on aqueous solubility of cholesterol 
and hormone drugs 


Several macromolecular compounds have been reported 
to have hypercholesterolemic effects. Acacia and pectin 
(1-6) and dextran (6-11) have been reported to lower 
serum cholesterol in humans and animals. Heparin re- 
portedly retards atherosclerosis development and mini- 
mizes the degree of hypercholesterolemia (12-14). Carra- 
geenans have been found effective in suppressing hyper- 
lipidemia and atherosclerosis in cholesterol-fed rabbits (15, 
16). Polyvinylpyrrolidone was reported to have hypocho- 
lesterolemia activity (17). 


These reports contain conflicting statements concerning 
the in uiuo effect and mechanism of action of these mac- 


romolecules for lowering serum cholesterol. A previous 
article from this laboratory (18) reported on the interesting 
in uitro effects of carbohydrate macromolecules on the 
aqueous solubility of cholesterol. The large increases in the 
apparent solubility of cholesterol in 0.5% pectin and acacia 
solutions provided a possible explanation for the serum 
cholesterol-lowering ability of these hydrocolloids and 
prompted further solubility studies involving other mac- 
romolecules. This report concerns the effect of various 
macromolecules on the solubility behavior of cholesterol 
and the related hormone drugs, testosterone, progesterone, - -  - -  
and diethylstilbestrol. 


EXPERIMENTAL 


MaterialscDiethylstilbestrol’, progesterone2, and testosterone3 were 
recrystallized from ethanol. Cholesterol4 was purified by recrystallization 
from acetic acid, and the crystals were dried at  90°. The sample was then 
recrystallized from 70% alcohol-water and dried in a vacuum desiccator. 
The melting points and IR spectra of the compounds were in good 
agreement with literature values. Dextrans5, pectin (citrusI6, acacia’, 
p~lyvinylpyrrolidone~, heparin sodium2, and carrageenan@ were used 
as received. 


Solubility Experiments-A stock solution of cholesterol in benzene 
was prepared containing 1.0 mg of cholesterol and 10 pCi of [26-14C]- 
cholesterolg. Stock solutions of testosterone and progesterone were 


1 Matheson, Coleman and Bell. 


8 Supplied by Schering Laboratories. 
4 Fisher Scientific. 


8 Eastman Kodak Co. 
1 NP-KBO, GAF Corp. 
8 Seakem 11 and 21, Marine Colloids. 
Nuclear Chicago. 


Sigma Chemical Co. 


Dextran Ta and TIO, Pharmacia Laboratories. 
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Abstract 0 An ion-pair reversed-phase high-performance liquid chro- 
matographic (HPLC) method, using an electrochemical detector, is 
presented for the simultaneous and rapid quantitation of imipramine, 
desipramine, and their 2-hydroxylated metabolites in plasma. The drugs 
are extracted from 1 ml of plasma at pH 9.7 with ether, back-extracted 
into 0.1 M HCl, and reextracted into ether following alkalinization. An 
efficient electrochemical oxidation reaction at the detector electrode 
affords a low detection level of -5 ng/ml in a mobile phase of acetoni- 
trile-acetate buffer (4060) containing 0.005 M heptanesulfonate. Patient 
data are presenteb as correlations between the plasma level of each hy- 
droxy metabolite and its respective parent compound. The method is 
applicable to the laboratory experienced in HPLC. 


Keyphrases Imipramine-simultaneous determination with des- 
ipramine and their 2-hydroxy metabolites, ion-pair reversed-phase 
high-performance liquid chromatography 0 Desipramine-simultaneous 
determination with imipramine and their 2-hydroxy metabolites, ion-pair 
reversed-phase high-performance liquid chromatography High-per- 
formance liquid chromatography-simultaneous determination of im- 
ipramine, desipramine, and their 2-hydroxy metabolites 


Considerable interest exists in the relationship between 
the plasma concentration of tricyclic antidepressant drugs 
and the therapeutic outcome or side effects, and this 


subject was reviewed recently (1,2). There seems to be a 
consensus that there is a therapeutic range for nortripty- 
line and a minimum effective level for imipramine plus 
desipramine in patients with “endogenous-type depres- 
sion”; a therapeutic range also was suggested for desipra- 
mine (3). Data for amitriptyline, however, are much more 
controversial (4), and other tricyclic antidepressants have 
not been studied adequately. 


BACKGROUND 


Until recently, the role of the hydroxylated metabolites of the tricyclic 
antidepressant drugs has been largely ignored, because it was assumed 
(erroneously) that these metabolites were not psychoactive, did not cross 
the blood-brain barrier, and were rapidly excreted. Christianssen and 
Gram (5) demonstrated that these hydroxylated metabolites were present 
in the central nervous system in an acute overdose case. Several studies 
demonstrated considerable quantities of unconjugated and conjugated 
hydroxy metabolites of tricyclic antidepressants in the plasma of treated 
patients (6-11). 


It is now known that the hydroxy metabolites of imipramine have 
strong cardiovascular activity (12,13) and are essentially equipotent to 
the parent compound in the blockade of norepinephrine and 5-hydrox- 
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Figure 1-Sample chromatogram of a 1-ml spiked plasma extract 
containing 25 ng of 2-hydroxydesipramine (I), 25 ng of 2-hydroxy- 
imipramine (2), 100 ng of 8-hydroxyclomipramine (3), 50 ng of des- 
ipramine (4), and 50 ng of imipramine (5). One-half (50 p l )  of the re- 
constituted extract was injected. 


ytryptophan receptors in rat brain slices, and isolated synaptosomal 
fractions (14-17). Also, the specificity of the respective hydroxylated 
metabolites is maintained, e.g., 2-hydroxydesipramine was 100 times 
more potent in inhibiting norepinephrine than 5-hydroxytryptophan 
accumulation. These metabolites are present in the plasma in the same 
order of magnitude as the primary and secondary amines (10,ll). These 
data indicate that examination of the hydroxy metabolites may give in- 
sight into the clinical efficacy-aide-effect relationship to the plasma drug 
levels. 


The methods of analysis of the tricyclic antidepressants and their 
metabolites were reviewed recently (la). All methods involving high- 
performance liquid chromatography (HPLC) employed UV detection 
at  various wavelengths. However, most of these methods suffer from poor 
resolution of the metabolites, interfering endogenous substances, or 
analysis time lasting >15 min. An assay for imipramine, desipramine, 
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Figure $-Sample chromatogram of a 1-ml blank plasma extract. 
One-half (50 p l )  of the reconstituted extract was injected. 


and their 2-hydroxylated metabolites in plasma was reported using a 
fluorescence detector and achieving a 1-ng/ml low level of detection (19). 
However, silica columns, as used in the preceding method, may deterio- 
rate quickly when used a t  pH > 7. 


Therefore, an assay was developed using ion-pair reversed-phase 
HPLC with amperometric detection for the rapid, sensitive, and simul- 
taneous quantitations of imipramine, desipramine, and their 2-hydrox- 
ylated metabolites in plasma. 


EXPERIMENTAL 


Reagents-Acetonitrilel was HPLC grade. Ether' was distilled prior 
to use. Acetic acid', sodium acetate', sodium carbonate', and sodium 
bicarbonate' were ACS reagent grade. Sodium heptanesulfonate2 was 
used as received. Distilled water was passed through a water purification 
system3 before use. 


Apparatus-A high-performance liquid chromatograph4 with a 2-ml 
syringe loading injector6 was used. Chromatography was performed on 
a reversed-phase columna. The detector system consisted of a thin-layer 
flow-through electrochemical cell7 with glassy carbon as the working and 
auxiliary electrodes and a silver-silver chloride reference electrode. The 
working electrode was directly opposite to the auxiliary electrode in the 
detector e l l .  This configuration was essential for increasing the linearity 
by several orders of magnitude to drug concentrations of >1 pglml. The 
potential and current response were monitored by an amperometric 


Fisher Scientific Co., Fair Lawn, N.J. * Eastman Kodak Co., Rochester, N.Y. 
Milli-Q, Millipore Corp., Bedford, Mass. 
Model ALClGPC 204, Waters Associates, Milford, Mass. 
UK6, Waters Associates, Milford, Mass. 
pBondapak C I ~  (30 X 0.39 cm i.d.), Waters Associates, Milford, Mass. 
TL-5A, BioAnalytical Systems, West Lafayette, Ind. 
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Table I-Recovery of Imipramine, Desipramine, 2- 
Hydroxyimipramine, and 2-Hydroxydesipramine (50 ng/ml 
Each) from 1 ml of Plasma 
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Recovery, cv, 
ComDound 70 SD % 


2-Hydroxyimipramine 76 2.9 3.8 
2-Hydroxydesipramine 60 1.7 2.8 
Imipramine 89 5.8 6.5 
Desipramine 84 4.6 5.6 


controllers and recorderQ, interfaced with a laboratory data acquisition 
system10. 


Standards-Stock solutions of imipramine hydrochloridell (1.13 
mg/ml), desipramine hydrochloride12 (1.13 mg/ml), 2-hydroxydesipra- 
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Figure 3 4 4  Plot of the peak height ratio against the potential (versus 
silver-silver chloride) for 2-hydroxyimipramine (a), Z-hydroxydes- 
ipramine (O) ,  and 8-hydroxyclomipramine (A). (b) Plot of the peak 
height ratio against the potential (versus silver-silver chloride) for 
desipramine (0) and imipramine (m). The chromatographic conditions 
were the same as described previously. 


Metrohm V/A detector 611, Brinkmann Instruments, Westbury, N.Y. 
Houston Omniscrihe model B5217B-2, Houston Instruments, Austin, Tex. 


lo Digital PDP/11/34 “Peak 11” system, Digital Equipment Corp., Maynard, 
Mass. 


l1 Ciba-Geigy Corp., Ardsley, N.Y. 
l2 USV Pharmaceutical Corp., Tuckahoe, N.Y. 
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Figure I-Sample chromatogram of a 1 -ml plasma sample from a pa- 
tient receiving imipramine. One-quarter (25 pl )  of the reconstituted 
extract was injected. The plasma levels were: 2-hydroxydesipramine 
(I), 54 ng; 2-hydroxyimipramine (Z), 74 ng; internal standard (3); 
desipramine (4), 129 ng; and imipramine (5), 267 ng. 


mine13 free base (1 mg/ml), and 2-hydroxyimipramine free baseI3 (1 
mg/ml) were prepared in methanol. The internal standard, 8-hydroxy- 
clomipramine free base13 (1 mg/ml), also was prepared in methanol. 


l3 A gift of Dr. Albert A. Manian, National Institute of Mental Health, National 
Institutes of Health, Rockville, Md. 
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Figure 5 4 a )  Relationship between plasma imipramine and 2-hy- 
droxyimipramine levels in 30 randomly selected patients (r = 0.46). @) 
Relationship between plasma desipramine and 2-hydroxydesipramine 
levels in the same patients (r = 0.40). 


Standard curves were prepared by the addition of the standards to 
drug-free plasma to give final concentrations of 25-400 ng of imipramine 
and desipramine/ml and of 10-200 ng of each of the 2-hydroxy metabo- 
lites. 


Extraction-To 1.0 ml of plasma standard or unknown, 1.0 ml of 
water, 50 pl (100 ng) of the internal standard, and 1.0 ml of 0.6 M car- 
bonate buffer (pH 9.7) were added in specially washed glas~ware'~. Ex- 
traction was carried out by the addition of 8 ml of freshly distilled ether, 
and the solution was shaken and centrifuged for 15 min. The ether layer 
then was qualitatively transferred to 15-ml tapered centrifuge tubes 
containing 1.2 ml of 0.1 M HCl. After shaking and centrifuging for 10 min, 
the top layer was aspirated and the aqueous layer was transferred to 3-ml 
tapered, glass-stoppered, minicentrifuge tubes. 


Neutralization resulted from the addition of 0.5 ml of 0.6 M carbonate 
buffer (pH 9.7). Ether (0.8 ml) was added, and the solution was shaken 
for 5 min and centrifuged for 5 min. The lower aqueous layer was dis- 


~ 


l4 All glassware w a ~  treated aa reported previously (20). 


carded, and the ether layer was transferred to 1.0-ml reaction vialsI6 and 
evaporated to drynesa under a nitrogen stream at  room temperature. The 
extract was reconstituted with 100 pl of the mobile phase, and the vial 
was capped. 


Chromatographic Conditions-The mobile phase consisted of 0.1 
M acetate buffer (pH 4.2) and acetonitrile (W40). The paired-ion sodium 
heptanesulfonate (0.005 M) was added, and the mixture was filteredl6 
and degassed prior to use. The flow rate was 1.3 ml/min, and the tem- 
perature was ambient. The effluent was monitored through the detector 
cell a t  a potential of +1.05 v versus the silver-silver chloride reference 
electrode. 


Quantitation-All determinations were performed by calculating the 
peak height ratios of each compound to the internal standard. A standard 
curve was run with each set of samples. 


RESULTS AND DISCUSSION 


Imipramine, desipramine, and their 2-hydroxylated metabolites were 
quantitated simultaneously in plasma. Each chromatogram took <15 min 
to elute all five compounds (Fig. 1). 


The absolute sensitivity of this method was 1 ng injected for all four 
compounds (signal to noise ~ 3 ) .  In practical terms, however, the lowest 
quantifiable levels were -5 ng/ml of plasma. The blank plasma extracts 
showed no interfering endogenous substances (Fig. 2). This result was 
due to a careful sample cleanup, selectivity of the electrochemical de- 
tector, and the nature of the nonpolar bonded reversed phase, which 
eluted most hydrophilic biological material quickly. 


The absolute recovery was checked by preparing a solution containing 
50 ng of each 2-hydroxy metabolite, imipramine, and desipramine. The 
internal standard was added to five aliquota, and the sample was injected 
directly into the chromatograph. Then 1.0 ml of plasma was added to five 
additional aliquota, and the samples were processed routinely except for 
the internal standard, which was added to the vials after the samples were 
evaporated to dryness. The difference between the standard and the 
internal standard in the processed samples compared to the direct-in- 
jection sample gives a measure of the overall recovery (Table I). 


The precision of the reported procedure was determined by spiking 
10 1.0-ml aliquots of drug-free plasma with 25 ng of P-hydroxyimipra- 
mine, 2-hydroxydesipramine, and 50 ng of imipramine and desipramine. 
After the addition of 100 ng of internal standard, each aliquot was pro- 
cessed as already described. The resulting coefficient of variation for each 
compound was 3.1% for 2-hydroxyimipramine, 8.7% for P-hydroxydes- 
ipramine, 3.6% for imipramine, and 4.0% for desipramine. 


8-Hydroxyclomipramine was chosen as the internal standard because 
of its structural similarity to all four compounds, its relative retention 
time, and its sensitive detector response. Its isomer, P-hydroxyclo- 
mipramine, also may be used since the retention times differ by <1 min 
and it does not interfere with the assay. 


Several drugs were tested using this assay to determine potential in- 
terference. When patient samples were tested, some high-dose major 
tranquilizers such as chlorpromazine, thioridazine, prochlorperazine, 
and loxapine did interfere with either the parent drug or, more frequently, 
the more polar metabolites. Low-dose major tranquilizers such as flu- 
phenazine, perphenazine, and haloperidol and their metabolites are found 
therapeutically in very low concentrations in plasma and did not present 
significant interference problems. 


Other tricyclic antidepressants such as nortriptyline, its 10-hydroxy 
metabolite, and protriptyline were not detected electrochemically but 
did appear on a simultaneous chromatogram with a UV detector. Ami- 
triptyline and its 10-hydroxy metabolite were detected electrochemically 
but did not display a substantial response, as compared to the simulta- 
neous UV run chromatogram. The benzodiazepines frequently are ad- 
ministered as adjuvants in these affective disorders and could interfere 
if UV detection were used. However, none of the benzodiazepines tested 
(chlordiazepoxide, diazepam, and flurazepam) is electrochemically active 
under the prevailing conditions. It would be prudent, however, to examine 
the medication profile of a patient prior to this assay (as with any other) 
to anticipate possible interferences. 


The tricyclic antidepressant compounds containing the dibenzcyclo- 
heptane nucleus (e.g., amitriptyline and nortriptyline) are devoid of, or 
have little, electrochemical reactivity under the described conditions. 
Therefore, the sensitivity of the electrochemically active dibenzazepine 
tricyclic antidepressants probably is due, at least in part, to the presence 


16 Reactiviala, Pierce Chemical Co., Rockford, Ill. 
l6 Millipore type FH, 0.5 pn, Millipore Corp., Bedford, Mass. 
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of the ring nitrogen. A mechanism of electrochemical oxidation of these 
dibenzazepines seems best described by a two-step, three-electron ECE” 
process (21). The first step involves the transfer of one electron to form 
a radical, followed by dimerization. This compound then is oxidized 
further by an overall two-electron process at a more negative poten- 
tial. 


To determine the optimum positive potential for the five compounds 
used in this assay, current-potential curves were generated by injecting 
a standard solution of these compounds in methanol into the chroma- 
tograph at various potentials. A fixed-wavelength W detector18 (254 nm) 
was used as an “internal standard,” connected in series preceding the 
electrochemical detector cell. The peak heighta from the electrochemical 
response at various potentials were compared to the corresponding peak 
height from the UV detector response. These ratios were plotted against 
potentials. Figure 3a indicates that the 2-hydroxylated metabolites un- 
dergo oxidation at  potentials more negative than the parent compound, 
probably due to the presence of the ring hydroxyl group. A second wave 
corresponds to the oxidation of the parent compounds (Fig. 3b). 


Substantial levels of the 2-hydroxy metabolites can be found in patienta 
receiving imipramine (Fig. 4). The relationships of the plasma concen- 
trations of imipramine and desipramine to their respective 2-hydroxy 
metabolites are shown in Figs. 5a and 5b, respectively. These data show 
only a weak correlation, indicating the wide interindividual variations 
in the metabolic rates and pathways. A similar relationship between 
nortriptyline and 10-hydroxynortriptyline in plasma was reported with 
a somewhat stronger correlation (r  = 0.63) (10). 


These relationships may explain, in part,‘the variability in therapeutic 
response to the tricyclic antidepressants. Therefore, plasma level studies 
of these agents should include the active hydroxy metabolites when 
comparing the plasma levels and clinical efficacy andlor side effects. 
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Abstract 0 Nine new a-methylene-y-butyrolactones were synthesized 
by the Reformatsky condensation of ethyl a-bromomethylacrylate with 
ketones, aldehydes, and an epoxide. A unique spirobutyrolactone class 
was prepared by reaction of the zinc alkyl derivative and N-methylisatins. 
The compounds were evaluated against L-1210 and P-388 leukemia and 
the 9KB carcinoma of the nasopharynx. They also were screened in a 
microbiocidal and an antifungal assay. The spiro methylene lactone of 
.5-iodo-N-methylisatin displayed activity in the P-388,9KB, and anti- 
fungal screens. 


Keyphrases a-Methylene-y-butyrolactones-synthesis and evalu- 
ation for antibacterial and antineoplastic activity 0 Antibacterial activity, 
potential-evaluation of a-methylene-y-butyrolactones 0 Antineoplastic 
activity, potential-evaluation of a-methylene-y-butyrolactones 


Recognized as the active moiety in a wide variety of 
antineoplastic sesquiterpene lactones (1 ,2) ,  the a-meth- 
ylene-y-butyrolactone structure has been synthetically 
incorporated in numerous drug candidates in the search 
for anticancer activity (3,4).  Many synthetic approaches 
have been used (5), and new methods are reported regu- 
larly (6, 7) since many of the model substances are ac- 
tive. 


The application of the Reformatsky method by Ohler 
et al. (8) is a facile, one-step conversion of aldehydes and 
ketones to the requisite lactones with the greatest potential 
of altering the functionality at C-5 (Scheme I). This con- 
densation of the zinc alkyl derivative of ethyl a-bro- 
momethylacrylate with N-methylisatins (IIa and IIb) also 
yields a unique class of spirolactones (Va and V b )  (Scheme 
11). Nine lactones were synthesized in 2549% yields using 
this procedure (Table I). 


for publication July 


EXPERIMENTAL' 


p-(Pyrrolidinosu1fonamido)benzaIdehyde (Id)-Compound Id 
was obtained by the dropwise addition of 2.78 g (39.2 mmoles) of anhy- 
drous pyrrolidine in 10 ml of acetone to 6.00 g (19.5 mmoles) of p-chlo- 
rosulfonylbenzaldehyde diacetate (9) in 25 ml of acetone. The medium 
was stirred for 1 hr, the acetone was removed in uacuo, and the residue 
was dissolved in methylene chloride and washed with 20 ml of 10% 
aqueous HC1. The solvent was removed by distillation, and the crystalline 
diacetate was hydrolyzed by refluxing for 1 hr in a solution of 25 ml of 
ethanol, 25 ml of water, and 3 ml of concentrated sulfuric acid. The so- 
lution was chilled and it deposited the aldehyde as white crystals, which 
were filtered, recrystallized twice from ethanol, and dried in U ~ C U O  to 
yield 3.35 g (50%) of Id, mp 109-11lo; IR (mineral oil): 1710 (C=O) cm-I; 
NMR (deuterochloroform): 6 1.60-1.95 (m, 4H, CHZCH~), 3.16-3.50 (m, 
4H, CHzNCHz), 8.1 (broads, 4H, aromatic H), and 10.17 (s, lH,  CHO) 


Anal.-Calc. for C~IH~:~NOS:~ :  C, 55.19; H, 5.47; N, 5.85. Found: C, 
55.16; H, 5.68; N, 5.71. 


p-( Pyrrolidinosu1fonamido)acetophenone (If)-Compound If was 
prepared by the addition of 3.50 g (49.3 mmoles) of anhydrous pyrrolidine 
in 10 ml of acetone to 5.00 g (22.9 mmoles) of p-chlorosulfonylaceto- 
phenone (10) in 25 ml of acetone. After 2 hr of refluxing and stirring, the 
solution was poured into 75 ml of cold water. The resulting precipitate 
was collected, washed with cold water, dried in uacuo, and recrystallized 
twice from ethanol to yield 4.30 g (74%) of If as pale-yellow needles, mp 
142-144'; IR (mineral oil): 1690 (C=O) cm-I; NMR (deuterochloroform): 
6 1.65-2.00 (m, 4H, CHzCHz), 2.70 (s, 3H, COCHz), 3.20-3.50 (m, 4H, 
CH~NCHZ),  and 7.85-8.30 (m, 4H, aromatic H) ppm. 


Anal.-Calc. for C12H15NO& C, 56.95; H, 5.97; N, 5.53. Found: C, 
57.13; H, 6.16; N, 5.67. 


ppm. 


' Analyses were performed by Dr. G .  I. Robertson, Florham Park, N.J. Melting 
points were determined between glass disks on a Fisher-Johns apparatus and are 
uncorrected. NMR spectra were obtained on a Perkin-Elmer Hitachi R20A spec- 
trwneter and were calibrated against tetramethylsilane. IR spectra were obtained 
on a Perkin-Elmer 257 spectrophotometer as petroleum oil mulls. 
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CH, 


'C-0 + BrCH,-C-COOCH&H:, - 
/ 


II zinc dust R, 


R2 


I rn 


Iv 


CH, 
V 


Ikr and Va: X = H 
IIb and Vb: X = I 


Scheme I1 


were prepared by published methods. Phenyl 2-thienyl ketone (Ib), 
phenylacetaldehyde (k), and styrene oxide were obtained commercially 


Ia and Wa: R, * CH,, R, = --(o&(CH2)&OOC€iFH, 


Ib and IVb: R, = a, & = 


Ic and IVc: R, = H, R, = *S02Nu 


Id and IVd: R,  = H, R, = e S 0 2 N 3  


Ie and IVe: R, = H, R, = *S02N(CH&H3h 


If and IVf: R, = CH,, R, = -@SOJg 
Jg and IVg: R, = H, R, = - C H 2 a  


I 


Scheme I 


- .  
and were used wkhout further purification. 


General Procedure for Synthesis of a-Methylene-ybutyrolac- 
tones (IVa-IVg, Va, and Vb)-A four-necked flask was fitted with a 
condenser with its outlet connected to a mercury bubbler, a thermometer, 
a dropping funnel, and a nitrogen inlet tube. The system was flame dried 
and charged with 25 mmoles of the requisite carbonyl compound (Ia-Ih, 
IIa, and IIb) or styrene oxide. To this mixture were added 25 mmoles of 
dry zinc dust, three crystals of iodine, and sufficient tetrahydrofuran 
(-10-30 ml) to effect solution of the organic component. With vigorous 
stirring and a constant nitrogen gas blanket, 25 mmoles of ethyl a-bro- 
momethylacrylate (13) in 5 ml of tetrahydrofuran was added dropwise. 
There was an initial exothermic reaction that soon subsided. 


When the addition was completed, the contents of the flask were 
heated at  reflux for 3 hr with constant stirring, cooled, and poured into 
50 ml of 10% aqueous HCl. This aqueous medium was agitated for 15 min 
to ensure complete hydrolysis and extracted with two 30-ml portions of 
methylene chloride. The extracts were washed once with water, dried over 
magnesium sulfate, and evaporated tn uacuo to give the title compounds, 
which solidified (except IVa and IVg) from the initially oily phase. The 
liquids (IVn and IVg) were purified by vacuum distillation, after which 
IVg solidified as white needles. All solids were recrystallized from etha- 
nol-benzene (1:l) to analytical purity; the yields, physical properties, and 
analytical results are given in Table I. 


All oroducts were submitted for anticancer screening in the National 
Ethyl p-acetyl-4-phenylbutyrate (In) (11), p-(N,N-diethylsulfona- 


mido)benzaldehyde (Ie) (91, p-(morpholinosu1fonamido)benzaldehyde 
(Ic) (9), N-methylisatin (IIa) (121, and 5-iodo-N-methylisatin (116) (12) 


Cancer Institute L-1210, P-388, and 9KB assays (Table I) and for eval- 
uation against a Gram-positive (Staphylococcus aureus, ATCC 6538), 
a Gram-negative (Escherichia coli, ATCC 8739), and a fungal (Candida 


Table I-Physical and Pharmacological Properties of Methylene Lactones 


P-388 Leukemiaa 
Melting Point Yield, Analysis, % Dose, T - C  KB ScreenD 


Compound (Boiling Point/mm Hg) % Formula Calc. Found mg/kg Survival Wt., g T/C % ED50, pg/ml 


IVa 


IVb 


IVC 


IVd 


IVe 


IVf 


IVg 


Va 


Vb 


(225-227'11.9) 


108-1100 


150-151' 


112-115' 


95-98' 


142-145' 


63-64' 


135-137' 
(131-136'/0.6) 


157-159' 


33 


25 


40 


59 


52 


55 


26 


25 


34 


C 71.50 
H 7.34 
C 70.29 
H 4.72 
C 55.72 
H 5.30 
N 4.33 


C 58.62 
H 5.58 
N 4.56 
C 58.22 
H 6.19 
N 4.52 
C 59.80 
H 5.96 
N 4.36 
C 76.57 
H 6.41 
C 68.11 
H 4.83 
N 6.10 
c 43.95 
H 2.83 
N 3.94 


71.28 
7.44 


70.18 
4.96 


55.91 
5.50 
4.37 


58.64 
5.67 
4.52 


57.98 
6.30 
4.62 


59.66 
6.15 
4.29 


76.44 
6.58 


67.85 
5.15 
6.05 


44.20 
3.03 
3.84 


- - 


100 016 
50 4/6 
25 616 
12.5 616 - - 


100 216 
50 316 
25 516 
12.5 616 


- 


- 
- 


-3.7 
-0.8 
+0.7 
- 


- 


- 


- 


- 


-4.0 
-9.3 
-2.6 
-2.4 


- 


- 


T 
T 


144 
147 
- 


- 


- 


- 


- 


T 
T 


139 
129 


21.0 


- 


2.7 


- 


15.0 


21.0 


27.0 


- 


0.28 


All test results were rovided by the National Cancer Institute. Procedures, rotocols, and data interpretation were published in R. I. Geran, N. H. Greenberg, M. 
M. MacDonald, A. M. Sciurnacher, and B. G. Abbott, Cancer Chemother. Rep., !art 3, 3,7 (1972), and in "Instruction Booklet 14," Drug Evaluation Branch, Division 
of Cancer Treatment, National Cancer Institute, Bethesda, Md., 1978. The symbol T means the substance was too toxic for calculation of T/C 9o values. 
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Scheme 111 


albicans, Strain 582, Rutgers University Collection) organism according 
to the previously published method (14). 


RESULTS AND DISCUSSION 


The reaction of the Reformatsky reagent from 111 and styrene oxide 
did not yield a 6-phenyl-a-methylene-6-valerolactone as expected from 
ring opening of the oxide but instead gave a 26% yield of y-benzyl-a- 
methylene-y-butyrolactone (IVg) (Scheme 111). The mass spectrum 
showed intense P - 91 and 91 amu peaks corresponding to tropilium ions 
derived from a benzyl-carbon scission (15). Furthermore, comparison 
of the spectra, melting points, and mixed melting points showed that the 
product was identical to that obtained from phenylacetaldehyde and the 
zinc alkyl derivative of 111. The literature contains other examples of 
epoxide to carbonyl rearrangements induced during Reformatsky reac- 
tions. Thus, cyclopentene oxide and cyclopentanone both gave ethyl 
1-hydroxycyclopentyl acetate with ethyl a-bromozinc acetate (16). 
Furthermore, a-pinene oxide under Reformatsky conditions gave the 
same hydroxy ester as that derived from the carbonyl compound gener- 
ated by prior rearrangement of the oxide (17). 


PMR spectroscopy was useful in identifying the lactone products 
(IVa-IVg, Va, and Vb). For all of the exocyclic methylene groups, two 
apparent triplets (J = 3 Hz) were found at 6 6.28 f 0.1 for the proton anti 
to the carbonyl group and at 6 5.72 f 0.08 ppm for the proton cis to the 
carbonyl group. The C-4 methylene signals were complex multiplets at 
2.6-3.8 ppm. Characteristic IR bands were found a t  1660 & 5 ( C 4 )  and 
1760 f 5 (C=O) cm-l for each lactone prepared. 


As was noted in other model a-methylene-y-butyrolactones, no active 
analogs were found in the L-1210 lymphoid leukemia screen (3). In ad- 
dition, all of the compounds, except IVb, were highly toxic to the test 
animals and could not be evaluated accurately at doses in excess of 100 
mg/kg. However, in the P-388 lymphocytic leukemia screen (ascitic fluid, 
intraperitoneal administration to CDFl mice), two of the analogs (IVc 
and Vb) were evaluated, and both met the minimal activity standards 
of T/C > 125%. Although toxic a t  50 mg/kg, IVc and Vb increased the 
lifespan of treated animals a t  lower doses by 47% (T/C = 147%) and 39%, 
respectively. Furthermore, in the in uitro assay against cells derived from 
human carcinoma of the nasopharynx (KB) carried in cell culture, V6 
displayed potency (ED% = 0.28 pg/ml) in the approximate range of that  
observed for the sesquiterpene lactones from which these methylene 
lactones are modeled. 


Compounds IVb-IVe, IVg, Va, and Vb were evaluated in an antibac- 
terial/antifungal assay in which zones of inhibition were measured from 
the edge of an assay disk impregnated with 4 mg of the test compound. 
At these concentrations, sulfamerazine gave a 17-mm zone against E. coli 
and IVd gave an 8-mm zone, but no other analogs tested appeared to be 
active. With S. aureus, IVg and Va both displayed 12-mm zones, while 
the standard sulfamerazine demonstrated a 4-mm region of inhibition. 
No other test compounds showed significant activity. Against C.  albicans, 
for which sulfamerazine possessed negligible activity (-1-mm zone), IVg 
displayed an 18-mm zone of inhibition, and both IVd and Vb demon- 
strated -4-mm zones. All other analogs were inactive. 


As Rosowsky et al. (18) found in a series of model methylene lactones, 
no particular correlation of structure and activity is evident from the data. 
The activity profile in the spiro indole methylene lactone (Vb) should 
encourage further research in this class. 
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Abstract L-Asparaginase was immobilized in spherical polyacrylamide 
microparticles, which were inserted in polyacrylamide gel for implanta- 
tion in rats. Intraperitoneal implantation of this gel depressed systemic 
L-asparagine for the same duration as was achieved with microparticles, 
i.e., a 1 0  days. The duration of the effect was prolonged up to about 25 
days when the gel with the enzyme was implanted subcutaneously on the 
back of the rat. In both cases, a collagenous capsule formed around the 
gel, eventually preventing contact with the circulation. The effect of a 
second implantation was of the same magnitude as the first one. 


Keyphrases 0 L- Asparagine-polyacrylamide microparticles, prolon- 
gation of effect by implantation of immobilized enzyme, rats Polyac- 
rylamide-microparticles containing L-asparaginase, prolongation of 
effect by implantation, rats 0 Microparticles-L-asparaginase-containing 
polyacrylamide microparticles, prolongation of effect by implantation 
of immobilized enzyme, rats 


L-Asparaginase has been used to control and depress the 
growth of L-asparagine-dependent tumors (1-3), and its 
administration in immobilized form offers some advan- 
tages (4). L-Asparaginase was immobilized in polyacryl- 
amide microspheres (mean diameter of about 0.3 pm) in 
such a way that the enzymatic properties were retained. 
When these microspheres (1000 IU of L-asparaginase/kg) 
were administered in a single dose intraperitoneally, the 
effect on the serum L-asparagine level was prolonged from 
4 to 14 days when compared with the effect of soluble en- 
zyme. Moreover, the acrylic microspheres were cleared 
readily from the abdominal cavity and circulation by the 
reticuloendothelial system (5 ) .  


The enzyme is still active in the microparticles after the 
endocytosis but cannot control the systemic L-asparagine 
level. The duration of the effect thus is directly dependent 
on the time the particles stay in contact with the systemic 
circulation. In the present paper, data show that L-as- 
paraginase given in polyacrylamide implants can depress 
L-asparagine for up to about 25 days. 


EXPERIMENTAL 


Materials-L-Asparaginasel (EC 3.5.1.1) was isolated from Esche- 
richia coli (ATCC 9637 and ATCC 11303). Polyacrylamide microparticles 
with L-asparaginase were prepared as described previously (4,6). 


Polyacrylamide Gel Preparation for Implantation-Micropar- 
ticles of polyacrylamide containing L-asparaginase (20 and 100 IU) were 
suspended in 0.7 ml of monomeric acrylamide (T - C = 16-252) in a 
cylinder with a height of 0.7 cm and a radius of 0.6 cm. A catalyst system 
of N,N,N',N'-tetramethylethylenediamine (50 pl) and 50 pl of ammo- 
nium peroxydisulfate (500 mg/ml of water) then was added to the 
monomer suspension. The polymerization started immediately and was 
completed in 10 min. The gel tablet was washed with physiological saline 
for 7 days to free it from any remaining catalysts. 


Determination of L-asparagine was done according to Cooney et al. 
(8). 


L-Asparaginase was determined according to Yellin and Wriston (9) 
as described previously (4). 


' Crasnitin, Bayer (Sverige) AB, Stockholm, Sweden 
The nomenclature follows the suggestion made by HjerGn (7). 


Animals-Sprague-Dawley male rats were used. 


RESULTS AND DISCUSSION 


L-Asparaginase Implanted Intraperitoneally-Figure 1 shows the 
changes in the serum L-asparagine concentration in rats given single doses 
(20 IU) of L-asparaginase in soluble and immobilized forms. The enzyme 
was immobilized in polyacrylamide microspheres (T - C = &25), which 
subsequently were inserted in polyacrylamide gel (T - C = 16-25). The 
gel was prepared in the form of a cyiinder with a height of 0.7 cm and a 
radius of 0.6 cm. The gel tablet was implanted in the abdominal cavity 
of a 110-g male rat. 


The serum L-asparagine level was measured intermittently in the rats 
as well as in an untreated control taken from the same litter. The soluble 
enzyme had a short effect on the L-asparagine level, which was essentially 
normalized after 2 days (Fig. 1). When the enzyme was given in the 
polyacrylamide gel, L-asparagine immediately dropped to a level corre- 
sponding to -2530% of the initial value. After 8 days, the L-asparagine 
level was normalized. 


The effect seen after intraperitoneal implantation of the gel was 
comparable to the effect obtained after intraperitoneal injection of 
L-asparaginase in microparticles (4). However, the dose in the implant 
corresponded to 182 IU/kg, while there were 1000 IU/kg in the micro- 
particles. 


On the 31st day, the abdominal cavity was opened. The gel was sur- 
rounded by a nonvascularized tough ligamentous capsule. No capillaries 
had penetrated the polyacrylamide implant, and the gel could be removed 
easily from the capsule. A significant amount of L-asparaginase activity 
still remained in the implant. 


L-Asparaginase Implanted Subcutaneously-For subcutaneous 
administration, polyacrylamide gels (T - C = 16-25) were prepared 
containing 100 IU of L-asparaginase in microparticles (T - C = 8-25). 
The cylinders formed were about the same size as those used for intra- 
peritoneal implantation. The gel implants (dose of -700 IU/kg) were 
placed subcutaneously in the scapular line in two male rats weighing 147 
g. The L-asparagine level was followed and compared to that in an un- 
treated rat (Fig. 2). 


A significant depression of the L-asparagine level was seen for a t  least 
25 days, and the level was normalized on the 31st day. On the 61st day 
when the rats weighed 350 g, the implants were removed and a new gel 
tablet containing 100 IU of L-asparaginase (-300 IU/kg) was implanted 
in the other side of the back in the scapular line. The effect of this second 
implantation lasted for about 19 days (Fig. 2). In these cases also, the 
systemic effect of L-asparaginase was interrupted by encapsulation. 


1 I I I I I I 
8 16 24 32 


DAYS i 
Figure 1-L-Asparagine concentration in serum (nanomoles per mil- 
liliter) after intraperitoneal implantation of 20 IU of L-asparaginase 
(182 IUlkg) in rats (0) or after injection of the same amount in soluble 
form (0). The normal L-asparagine concentration (+) was obtained 
from an untreated rat taken from the same litter. 
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Figure 2-~-Asparagine concentration in serum after subcutaneous 
implantation of 100 IU of L-asparaginase (700 IUlkg) in rats (0). The 
arrow shows the time when the implant was removed and a new gel 
tablet containing 100 IU of L-asparaginase (300 IUlkg) was inserted. 
Each point represents samples drawn from two rats and shows the mean 
and the range. The normal L-asparagine level (+) was obtained from 
an untreated rat from the same litter. 


The decrease of the serum L-asparagine concentration was of the same 
magnitude after the second implantation as that found initially, in spite 
of the lower dosage of L-asparaginase. This finding indicates that no 
significant amounts of antibodies were produced in the rats during the 
first 60 days of exposure to the implants. This conclusion is in accordance 
with earlier findings that proteins immobilized in highly cross-linked 
polyacrylamide are stably bound in the gel (6). Thus, it is feasible to as- 
sume that not enough of the immunogenic enzyme leaks out of the gel 
to activate the immune system. 


By subcutaneous administration of L-asparaginase in implants of 
polyacrylamide, the effect can be substantially prolonged compared to 
the duration obtained by administration of soluble enzyme or by enzyme 
immobilized in microspheres. Although duration of the systemic effect 
in viuo was not limited by denaturation, the formation of a collagenous 
capsule around the implant effectively prevented the contact between 
the enzyme and the circulating L-asparagine. The encapsulation is a 
normal reaction to the presence of a foreign body. The same effects were 
detected after implantation of other acrylic polymers in rats (10,ll). 


Updike et al. (12) also increased the duration of L-asparaginase by 
immobilizing the enzyme in resealed red blood cell ghosts. Undetected 
or very low levels of circulating L-asparagine lasted twice as long after 
the intravenous injection in monkeys of ghost-entrapped enzyme than 
after injection of the same amount of free enzyme. In this case, the du- 
ration of the enzymatic effect was limited by the survival of the red blood 
cell ghosts in the circulation. 


Chang et al. (13) also showed that L-asparaginase entrapped in semi- 


permeable microcapsules (-80 pm in diameter) can deamidate L-as- 
paragine in vitro. When given intraperitoneally in mice, the entrapped 
enzyme (3.5 IU) was more efficient than native enzyme and cured 50% 
of the treated mice bearing an L-asparagine-dependent lymphoma cell 
line, 6C3HED (14). 


The L-asparaginase implants thus were able to depress the systemic 
L-asparagine level significantly for prolonged periods. However, as is 
evident from the figures, the concentration of L-asparagine never reached 
zero. Therefore, it is not possible to predict whether the decreased level 
would influence the proliferation of L-asparagine-dependent tumors. 
Such tests may be performed with the 6C3HED cell line growing in 
mice. 


REFERENCES 


(1) J. G. Kidd, Recent Results Cancer Res., 33,3 (1970). 
(2) J. P. Whitecar, Jr., G. P. Bodey, J. E. Harris, and E. J. Freireich, 


N. Engl. J.  Med., 282,732 (1970). 
(3) D. Killander, A. Dohlwitz, L. Engstedt, S. FranzBn, G. Gahrton, 


B. Gullbring, G. Holm, A. Holmberg, S. Hoglund, A. Killander, D. 
Lockner, H. Mellstedt, P. Y. Moe, J. Palmblad, P. Reizenstein, K. 0. 
Skhrberg, B. Swedberg, A.-M. Udkn, B. Wadman, L. Wide, and L. 
Ahstrom, Cancer, 37,220 (1976). 


(4) P. Edman and I. Sjoholm, J.  Pharmacol. Exp. Ther., 21 1,663 
(1979). 


(5) I. Sjoholm and P. Edman, ibid., 211,656 (1979). 
(6) B. Ekman and I. Sjoholm, J.  Pharm. Sci., 67,693 (1978). 
(7) S. Hjertkn, Arch. Biochem. Biophys. Suppl., 1,147 (1962). 
(8) D. A. Cooney, R. L. Capizzi, and R. E. Handschumacher, Cancer 


(9) T. 0. Yellin and J. C. Wriston, Jr., Biochemistry; 5, 1605 


(10) M. BarviE, K. Kliment, and M. Zavadil, J. Biomed. Muter. Res., 


(11) L. Sprincl, J. KopeEek, and D. Lim, ibid., 4,447 (1971). 
(12) S. J. Updike, R. T. Wakamiya, and E. N. Lightfoot, Jr., Science, 


(13) T. M. S. Chang, A. Pont, L. J. Johnson, and N. Malave, Trans. 


(14) T. M. S. Chang, Nature, 229,117 (1971). 


Res., 30,929 (1970). 


(1966). 


I, 313 (1967). 


193,681 (1976). 


Am. SOC. Intern. Organs, 14,163 (1968). 


ACKNOWLEDGMENTS 


Supported by the Swedish Board for Technical Development and the 


The authors thank Bayer (Sverige) AB for supplying L-asparaginase 


This paper is Number 3 in a series on Acrylic Microspheres In Viuo. 


I.F. Foundation for Pharmaceutical Research. 


and Miss Siv Larsson for valuable technical assistance. 


Fluorometric Determination of All-trans Retinol in 
Rat Serum 


SU-CHEN WU, A. C. CAPOMACCHIAX, and J. C. PRICE 
Received May 21,1980, from the Department of Pharmaceutics, School of Pharmacy, University of Georgia, Athens, GA 30602. 
for publication October 23, 1980. 


Accepted 


Abstract 0 A rapid, specific, and sensitive fluorometric assay for retinol 
in rat serum is reported. Serum retinol is extracted into cyclohexane after 
dilution of the serum sample with aqueous acetonitrile. Sample volumes 
as small as 0.2 ml can be used with a limiting detectable concentration 
of 2.5 X lo-* M for retinol. 


Keyphrases Vitamin A-fluorometric determination in rat serum 
Retinol, all-trans-fluorometric determination in rat serum 0 Fluo- 


rometry-determination of all-trans retinol in rat serum 


Vitamin A (all-trans retinol) is well known for its im- 
portance in general growth, the growth and differentiation 
of epithelial tissues, visual function, and reproduction 


(1-4). A number of retinoids prevent or inhibit the growth 
of epithelial tumors (5-9). As early as 1926, it had been 
noticed that vitamin A deficiency leads to  carcinomas in 
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acetylcholinesterase. Although VI was prepared as an inhibitor of pseu- 
docholinesterase and may be an inhibitor of acetylcholinesterase, there 
is no evidence that the uptake of VI by the heart is related to binding to 
either enzyme. In vitro studies are in progress to investigate the specific 
mechanism responsible for the accumulation of VI in heart muscle. 


The simple, rapid synthetic technique employed in the preparation 
of VI would easily allow the 13-hr half-life of iodine 123, which has ex- 
cellent imaging characteristics, to be substituted for the stable iodine in 
the molecule. The apparent in uivo stability and the high heart-to-blood 
and heart-to-lung ratios obtained in mice with VI suggest that iodine 
123-labeled VI may be useful for imaging the heart in humans and war- 
rants further study as a myocardial-imaging agent. 
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Abstract 0 The solubility of cholesterol and some hormone drugs in 
aqueous macromolecule solutions was investigated. Polyvinylpyrrolidone, 
dextrans, and heparin increased the solubilities of progesterone, testos- 
terone, and diethylstilbestrol, while acacia, pectin, and carrageenans 
decreased their solubilities. Dextrans increased the solubilities of cho- 
lesterol and the three hormone drugs. Acacia and pectin greatly increased 
cholesterol solubility; however, these macromolecules significantly de- 
creased progeaterone and diethylstilbestrol solubilities and slightly de- 
creased testosterone solubility. Heparin decreased cholesterol solubility 
and increased progesterone, testosterone, and diethylstilbestrol solu- 
bilities. Carrageenan8 significantly decreased cholesterol, progesterone, 
and testosterone solubilities and had little effect on diethylstilbestrol 
Bolubility. A strong bathochromic shift in the absorption spectra of 
progesterone and testosterone in polyvinylpyrrolidone solutions indicated 
an attachment between the polymer and the C=O group of the ste- 
roids. 


Keyphrases Cholesterol-effect of macromolecules on aqueous sol- 
ubility 0 Hormone drugs--effect of macromolecules on aqueous solu- 
bility 0 Solubility-cholesterol and hormone drugs, effect of macro- 
molecules Macromolecules-effect on aqueous solubility of cholesterol 
and hormone drugs 


Several macromolecular compounds have been reported 
to have hypercholesterolemic effects. Acacia and pectin 
(1-6) and dextran (6-11) have been reported to lower 
serum cholesterol in humans and animals. Heparin re- 
portedly retards atherosclerosis development and mini- 
mizes the degree of hypercholesterolemia (12-14). Carra- 
geenans have been found effective in suppressing hyper- 
lipidemia and atherosclerosis in cholesterol-fed rabbits (15, 
16). Polyvinylpyrrolidone was reported to have hypocho- 
lesterolemia activity (17). 


These reports contain conflicting statements concerning 
the in uiuo effect and mechanism of action of these mac- 


romolecules for lowering serum cholesterol. A previous 
article from this laboratory (18) reported on the interesting 
in uitro effects of carbohydrate macromolecules on the 
aqueous solubility of cholesterol. The large increases in the 
apparent solubility of cholesterol in 0.5% pectin and acacia 
solutions provided a possible explanation for the serum 
cholesterol-lowering ability of these hydrocolloids and 
prompted further solubility studies involving other mac- 
romolecules. This report concerns the effect of various 
macromolecules on the solubility behavior of cholesterol 
and the related hormone drugs, testosterone, progesterone, - -  - -  
and diethylstilbestrol. 


EXPERIMENTAL 


MaterialscDiethylstilbestrol’, progesterone2, and testosterone3 were 
recrystallized from ethanol. Cholesterol4 was purified by recrystallization 
from acetic acid, and the crystals were dried at  90°. The sample was then 
recrystallized from 70% alcohol-water and dried in a vacuum desiccator. 
The melting points and IR spectra of the compounds were in good 
agreement with literature values. Dextrans5, pectin (citrusI6, acacia’, 
p~lyvinylpyrrolidone~, heparin sodium2, and carrageenan@ were used 
as received. 


Solubility Experiments-A stock solution of cholesterol in benzene 
was prepared containing 1.0 mg of cholesterol and 10 pCi of [26-14C]- 
cholesterolg. Stock solutions of testosterone and progesterone were 


1 Matheson, Coleman and Bell. 


8 Supplied by Schering Laboratories. 
4 Fisher Scientific. 


8 Eastman Kodak Co. 
1 NP-KBO, GAF Corp. 
8 Seakem 11 and 21, Marine Colloids. 
Nuclear Chicago. 


Sigma Chemical Co. 


Dextran Ta and TIO, Pharmacia Laboratories. 
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Figure 1-Effect of various macromolecules on the aqueous solubility 
of cholesterol at 30'. Key: 1, water; 2,0.5% pectin; 3,0.5% acacia; 4,10% 
dertran; 5,6% dertran; 6,1% heparin; and 7,0.1% carrageenans. 


prepared to contain 200 mg of untagged compound and 5 KCi of labeled 
compound ([26-14C]progesterone and [26-14C]testosterone)9 in 100 ml 
of benzene. A similar stock solution of diethylstilbestrol (using [mo- 
noethyl -1-14C]diethylstilbe~trol)~ was prepared in methanol. 


A known amount of a particular stock solution was transferred into 
a 125-ml iodine flask, and the solvent was evaporated under a mild ni- 
trogen stream with constant shaking. A 50-ml volume of dissolution 
medium kept at 30' was added to the flask. Dissolution studies were 
carried out at 30 f 0.5' using a controlled environment unitlo to maintain 
the temperature. The solution was stirred at  -300 rpm using a magnetic 
stirrer and a 2.7 X 1-cm polytefll-coated spin bar. A 100-ml volume of 
dissolution medium in a 250-ml iodine flask was used for testosterone 
experiments. 


For each dissolution study, the amount of compound used was in 
-10-fold excess of its previously determined aqueous solubility. At pre- 
determined intervals, samples were withdrawn from the system and fil- 
tered immediately and rapidly through a filtration assembly12 containing 
a 0.45-~m filter. Because filtration adsorption losses may cause errors 
(19), stock solutions containing known amounts of the compounds were 
filtered and compared. No significant adsorption was detected with the 
rapid filtration technique. 


Radioactive Assay-A 0.20-ml volume of the particle-free filtrate was 
pipetted into a liquid scintillation vial. To this vial was transferred 15 
ml of dioxane-naphthalene scintillation cocktail (20). The scintillation 
vial was tightly capped and shaken for about 30 sec to ensure thorough 
mixing of the experimental solution and the cocktail. At the same time, 
a blank was prepared in the same manner except that the compound was 
omitted from the solution. The standard was prepared by pipetting 0.10 
ml of the standard solution of the experimental compound into a scin- 
tillation vial. After the solvent (benzene or methanol) was evaporated, 
0.20 ml of water and 15 ml of dioxane-naphthalene scintillation cocktail 
were added and the vial was shaken. 


Duplicate samples along with appropriate standards and blanks were 
counted directly using a liquid scintillation system13. Sufficient time was 
allowed for the samples to cool to 4.0' to minimize quenching, and the 
samples were counted for 10 min. The solubility values were obtained 
from the ratio of the counts per minute of the internal standard and the 
sample. 


UV Absorption Studies-Progesterone and testosterone in water 
both absorb a maximum of radiated energy at  249 nm. With a spectro- 
photometer14, UV scans were carried out for each of these two hormones 
in aqueous solutions containing various concentrations of the macro- 
molecules. Macromolecule solutions containing no hormone drugs were 
used as blanks in comparison cells. 


lo Hot Pack model 1278-8. 
l1 Teflon. 
l2 Millipore. 
l3 Unilux 11, Nuclear Chicago. 
l4 Perkin-Elmer model 202. 
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Figure 2-Effect of polyvinylpyrrolidone solutions on the aqueous 
solubility of cholesterol after 72 hr a t  30'. 


RESULTS AND DISCUSSION 


The aqueous solubilities of cholesterol, progesterone, testosterone, and 
diethylstilbestrol were reported previously (21). Figures 1-7 illustrate 
the effect of various macromolecules on the solubility behavior of these 
compounds. Each point on the solubility curves represents an average 
of a t  least six or eight determinations. Statistical analyses of the data with 
t and F tests a t  95% confidence levels indicated the differences in solu- 
bilities between various test solutions to be significant. 


Figure 1 illustrates the effect of various macromolecules on cholesterol. 
The large increases in 0.5% pectin and acacia solutions and the slight 
increase in dextran solutions were discussed previously (21). Heparin and 
both carrageenanss decreased the aqueous solubility (at equilibrium) of 
cholesterol to 4 . 0 1  and 0.02 Kglml, respectively. Polyvinylpyrrolidone 
decreased the aqueous solubility of cholesterol, and the decrease was 
proportional to the polyvinylpyrrolidone concentration (Fig. 2). 


The solution behavior of testosterone (Figs. 3 and 4) showed that 
heparin and 10% dextran slightly increased the solubility; 6% dextran 
(both high and low molecular weights), pectin, and acacia had no signif- 
icant effect; and the carrageenans decreased solubility. Testosterone 
solubility was significantly increased in polyvinylpyrrolidone solutions, 
and the increase was proportional to the polyvinylpyrrolidone concen- 
tration (Fig. 7). The equilibrium solubility of testosterone in water and 
macromolecule solutions, with the exception of heparin, was approached 
from supersaturation and not from undersaturation. The portion of the 
solution behavior curve that depicts the solubility decrease after the peak 
was reached is apparently indicative of the rate a t  which the less soluble 
hydrated form of testosterone is crystallized out of solution (22-24). 
Heparin appears to prevent crystallization. 


Polyvinylpyrrolidone, dextran (both high and low molecular weights), 
and heparin significantly increased progesterone solubility (Fig. 5). 
Pectin, acacia, and carrageenad all decreased progesterone solubility 
to approximately the same level. 


Polyvinylpyrrolidone, dextran (lWo), and heparin increased diethyl- 
stilbestrol solubility, whereas dextran (at the 6 and 2% levels) and car- 
rageenans had no significant effect (Fig. 6). Acacia and pectin decreased 
the aqueous solubility. 


In general, polyvinylpyrrolidone, dextran, and heparin increased the 
solubilities of the hormone drugs while acacia, pectin, and the carra- 
geenans decreased their solubilities. In this study, dextran was the only 
macromolecule that increased the solubilities of cholesterol and the three 
hormone drugs. 
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Figure 3-Effect of various macromolecules on the aqueous solubility 
of testosterone a t  30'. Key: 1,  water; 2, 1 % heparin; 3, 1 % polyoinyl- 
pyrrolidone; 4,3% polyvinylpyrrolidone; and 5,6% polyuinylpyrroli- 
done. 
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Figure 4-Effect of various macromolecules on the aqueous solubility 
of testosterone at 30°. Key: 1 ,  water; 2,10% dextran; 3,6% dextran; 4,  
0.5% pectin or 0.5% acacia; and 5, 0.1 % carrageenans. 


A 1% dextran solution almost doubled diethylstilbestrol and choles- 
terol solubilities, caused an appreciable increase in progesterone solu- 
bility, and produced a slight increase in testosterone solubility. Dextran 
at the 6% level increased cholesterol and progesterone solubilities; how- 
ever, there was little effect on testosterone and diethylstilbestrol solu- 
bilities. Although the solubilities of cholesterol and the hormone drugs 
were dependent on the dextran concentration, the degree of solubility 
of each compound was inconsistent. For example, the solubilities of 
progesterone in 10,6, or 2% dextran solution were nearly the same (17-16 
pg/ml), while the solubilities for diethylstilbestrol in 10 and 6% dextran 
were 46.1 and 26.6 Fg/ml, respectively. Solubility experiments were 
carried out with both high and low molecular weight dextrans5; in all 
instances, the solubility data were essentially identical for each test 
compound, and their curves were superimposable. The dextran solubility 
curves in Figs. 1 and 4-6 represent the behavior of both high and low 
molecular weight dextrans and indicate that the molecular weight of 
dextran was not a factor in these solubility phenomena. Dextran, a linear 
glucose polymer, forms colloidal solutions in water, and it is possible that 
drug molecules may be dispersed or adsorbed on the colloidal particles. 
Starches rich in amylose (25), cyclodextrins, and modified dextrans (26) 
form inclusion compounds and are capable of complexing with various 
drug molecules. 


Acacia and pectin greatly increased cholesterol solubility; however, 
these carboxylic acid-type polysaccharides significantly decreased pro- 
gesterone and diethylstilbestrol solubilities and slightly decreased tes- 
tosterone solubility. On the other hand, heparin, a highly sulfated mu- 
copolysaccharide, decreased cholesterol solubility and increased pro- 
gesterone, testosterone, and diethylstilbestrol solubilities. Carrageenanslo 
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Figure 5-Effect of various macromolecules on the aqueous solubility 
of progesterone at 30'. Key: 1 ,  water; 2,6% polyvinylpyrrolidone; 3.3% 
polyvinylpyrrolidone; 4,1% polyvinylpyrrolidone; 5,10% dextran; 6 ,  
6% dextran; 7,2% dextran; 8 , 1 %  heparin; and 9,0.5% pectin, 0.5% 
acacia, or 0.1 % carrageenans. 
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Figure 8-Effect of polyuinylpyrrolidone on the absorption spectra of 
testosterone and progesterone. Key: I, water; 2,0.5%; 3,1%; 4,5%; 5, 
10%; and 6,20%. 


ride, and promazine hydrochloride. They reported the relative reactivities 
of four types of carrageenans with these drugs to be from 16 to 10 while 
the relative reactivities of acacia and pectin with the same drugs were 0.15 
to 0.01. Pectin also formed precipitates with promazine and chlorpro- 
mazine hydrochlorides but not with reserpine; acacia did not precipitate 
any of these drugs (27). In the current study, the processes that bring 
about solubilization or decreased solubility phenomena of cholesterol 
and hormone drugs by various macromolecules are very difficult to de- 
scribe qualitatively and quantitatively because of the complexities of both 
the hormone drugs and macromolecules (especially the natural hydro- 
colloids). 


Polyvinylpyrrolidone significantly increased the testosterone, pro- 
gesterone, and diethylstilbestrol solubilities (Fig. 7) and decreased cho- 
lesterol solubility (Fig. 2). Both increases and decreases in solubility were 
dependent on the polyvinylpyrrolidone concentration. Polyvinylpyrro- 
lidone has the ability to complex with drugs, dyes, toxins, and other 
substances, and these complexes may be water soluble or water insoluble 
(28). Numerous investigations have been carried out on and mechanisms 
advanced for the binding of polyvinylpyrrolidone with drugs, preserva- 
tives, and organic ions such as dyes (29-40). Jurgensen Eide and Speiser 
(29, 30) reported that ionic compounds having an -OH, -NH2, or 
-COOH group showed a higher degree of complexation than compounds 
without such groups and suggested that the complexing tendency was 
due to hydrogen bonding. Frank (26) suggested that van der Waals forces 
between the aromatic system of erythrosine ions and the paraffinic chain 
of the polyvinylpyrrolidone molecule are responsible for the binding of 
this dye. Higuchi and Kuramoto (31,32) also suggested that the poly- 
vinylpyrrolidone molecule could associate through ion dipole and van 
der Waals interactions. The polyvinylpyrrolidone molecule does not have 
an ionizable group; however, the lactam bond in the pyrrolidone ring 
represents a dipole that may undergo ion-dipole interaction with anions 
and aid in their binding by supplying the necessary attraction force to 
bring the two components into close contact (37). 


Figures 8 and 9 show the effect of polyvinylpyrrolidone on the ab- 
sorption spectra of testosterone and progesterone. As the polyvinylpyr- 
rolidone concentration increased, the absorbance also increased. This 
bathochromic effect indicated an attachment between the polymer and 
the C=O group of the hormones. Anderson and Boyce (38) observed 
similar behavior in the interaction between erythrosine and polyvinyl- 
pyrrolidone, and other investigators (36,371 attributed the bathochromic 
shifts observed between polyvinylpyrrolidone and erythrosine sodium 
dye to charge transfer or van der Waals forces, and Anderson and Boyce 
supported this suggestion (38). The decrease in the A,,, with the low 
(0.5%) concentration of polyvinylpyrrolidone might indicate micellar 
solubilization (41). 


. 
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Figure 9-Effect ofpolyuinylpyrrolidone solutions on the A,,, oftes- 
tosterone and progesterone. 


With the carrageenans (0.25 and 0.5%), a slight shift toward longer 
wavelength was observed (from 249 to 252.5 nm), indicating direct par- 
ticipation with the carbonyl groups of progesterone and testosterone. No 
change was observed in the  Amax of testosterone or progesterone in 
aqueous solutions containing various concentrations (0.25-20%) of dex- 
tran, acacia, and pectin. That the shifts were not due to changes in pH 
or ionic strength of the system was confirmed by the absence of changes 
in the Amax after the addition of acid, base, or 0.1 M NaCl. 
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Abstract A normal-phase high-performance liquid chromatographic 
separation for pilocarpine and isopilocarpine was developed which is 
suitable for the routine analysis of ophthalmic preparations. The method 
utilizes a column packed with 5 - ~ m  silica with a mobile phase of hex- 
ane-2% ammonium hydroxide in 2-propanol (7030). Peak detection is 
by UV a t  220 nm. It is suggested that a partition separation mechanism 
is involved rather than adsorption. A separation factor (a) of 1.17 was 
obtained with a relative separation (R,) of 2.13. Column lifetimes were 
typically 6-8 months with daily use. Several standard pilocarpine-iso- 
pilocarpine mixtures and five commercially available ophthalmic solu- 
tions from different manufacturers were analyzed. The method was 
specific for pilocarpine and isopilocarpine in the presence of each other 
and pilocarpic acid and is a significant improvement over the nonspecific 
colorimetric methods of analysis. 


Keyphrases 0 Pilocarpine-high-performance liquid chromatographic 
analysis in the presence of isopilocarpine, ophthalmic solutions Iso- 
pilocarpine-high-performance liquid chromatographic analysis in the 
presence of pilocarpine, ophthalmic solutions High-performance liquid 
chromatography-separation of pilocarpine and isopilocarpine, oph- 
thalmic solutions 


Pilocarpine, a widely used alkaloid, possesses several 
important pharmacological properties. For example, it is 
a miotic and lowers intraocular pressure. The major oph- 
thalmic application of pilocarpine has been for the treat- 
ment of glaucoma. The structure of pilocarpine is well es- 
tablished and contains both an imidazole and a lactone. 


In aqueous solution, pilocarpine (I) decomposes through 
two major pathways, which are both base catalyzed 
(Scheme I). The lactone ring can undergo hydrolysis, re- 
sulting in the formation of pilocarpic acid (II), or epimer- 
ization can occur at the a-carbon to form isopilocarpine 
(111). Both pilocarpic acid and isopilocarpine are essentially 
pharmacologically inactive (1,2). 


BACKGROUND 


Analytical methods to measure the extent of pilocarpine degradation 
in ophthalmic medications have been published, but most cannot dif- 
ferentiate between pilocarpine and isopilocarpine. For instance, the USP 
method for determining pilocarpine is a colorimetric assay based on the 
formation of hydroxamic acid (3). Since the moiety responsible for pro- 
ducing color is an intact lactone ring, the assay can distinguish between 


pilocarpine and pilocarpic acid but not between pilocarpine and isopi- 
locarpine (4). This flaw is serious since recent studies indicated that the 
primary degradation product of pilocarpine is not pilocarpic acid but ita 
diastereomer, isopilocarpine (4). 


Several techniques have been investigated to produce an analytical 
separation of pilocarpine and isopilocarpine. Some of the published 
methods include TLC (5), NMR (6-9), IR spectroscopy (lo), GLC (8, ll), 
and polarimetry (12, 13). However, most of these separations are not 
suitable for development into a routine analysis. The reported TLC 
separation is questionable and could not be duplicated by one investigator 
(10); the NMR analysis requires an expensive 100-MHz instrument (10); 
IR analysis gives poor results when one diastereomer predominates (lo), 
which is usually the case in ophthalmic solutions; and GLC requires 
derivatization prior to analysis, which makes multiple-sample runs too 
time consuming. Of these techniques, only polarimetry seems to have 
practical value. In fact, a UV-optical rotation analysis has been used 
successfully by this laboratory for several years'. 


The UV-optical rotation method requires elaborate sample prepara- 
tion and is tedious in actual practice. An analytical procedure such as 
high-performance liquid chromatography (HPLC), which minimizes 
sample preparation and retains a high separation capability, would be 
highly desirable, and several HPLC separations of pilocarpine and iso- 
pilocarpine have been reported. Initially, ion-exchange columns packed 
with cation-exchange resins2 were used with UV peak detection a t  217 
nm (4). Unfortunately, these HPLC systems gave variable peak retention 
times and generally produced erratic results (10,141. 


Khalil(15) reported an HPLC analysis for pilocarpine using an octa- 


OH' I""' 


See B. S. Scott, D. L. Dunn, and E. D. Dorsey, J.  Pharm. Sci., in press. 
Aminex A-7 (7-11 pm), Bio-Rad Laboratories. 
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Kinetics of Aspirin, Salicylic Acid, and Salicyluric 
Acid following Oral Administration of Aspirin as a 
Tablet and Two Buffered Solutions 


WILLIAM D. MASON and NATHANIEL WINER 
Received May 15,1980, from the Pharmacokinetics Laboratory, Schools 
Kansas City,  MO 64108. Accepted for publication August 21,1980. 


Abstract u Twelve fasting normal volunteers received three aspirin 
dosage forms in a single-dose, complete crossover study; the plasma and 
urine levels of aspirin, salicylic acid, and salicyluric acid were measured 
for 10 hr. The three dosage forms were an unbuffered tablet, an effer- 
vescent solution with 16 mEq of buffer, and an effervescent solution with 
34 mEq of buffer. Significant differences in the absorption rate were 
observed, with the solution having 16 mEq of buffer being fastest, the 
solution having 34 mEq of buffer being intermediate, and the tablet being 
slowest. These differences are attributed to gastric emptying rates and 
tablet dissolution. Urine pH and renal clearance for all three acid com- 
pounds are influenced by the buffer during the first 2 hr following dosing 
but not later. Area under the curve comparisons suggest that -20% more 
aspirin reaches the general circulation intact following the tablet but that 
the total amount of salicylate absorbed is not different. Further studies 
are required to select the optimal buffer content to provide rapid ab- 
sorption with minimal sodium dose and urine alkalinization. 


Keyphrases 0 Aspirin-tablet and two buffered solutions, kinetics 
following oral administration, salicylic acid and salicyluric acid levels and 
kinetics Salicylic acid-kinetics following oral administration of aspirin 
as tablet and two buffered solutions Salicyluric acid-kinetics following 
oral administration of aspirin as tablet and two buffered solutions 
Absorption kinetics-aspirin in tablet and two buffered solutions 
Buffer-effect on aspirin kinetics 


Aspirin is the drug of choice when a mild analgesic- 
antipyretic is required, and it is also a primary agent in the 
chronic management of rheumatic fever, rheumatoid ar- 
thritis, and osteoarthritis. Following oral administration, 
rapid absorption is necessary to provide rapid onset of 


Table I-Mean Plasma Aspirin Data and Computed Parameters 


Parameter 
Mean f SD, pglml" 


T S-16 s-34 


Time, min 
5 


10 
15 
20 
30 
45 
60 
90 


120 
Area under 


curve to 120 min, 
(mg min)/l.iter 


Time of maximum 
concentration, min 


Maximum 
concentration, 
mgniter 


Area under 
curve to infinity, 
(mg min)iliter 


MRT, min 
MATb, min 
VRT, hr 
VATb. hr 


0.8 i 1.0" 
2.9 f 3.3c 
4.8 f 4.2c 
5.9 f 4.OC 
8.8 f 3.8' 
7.0 f 2.aC 
4.9 f 1.3d 
2.9 f 1.2d 
1.3 f 0.7d 


518.0 f 104.ad 


35.0 f 12.7e 


9.6 f 3.7c 


582 f 86d 


63 f 16c 
38 f 13c 
29 f 16' 
20 f 15' 


2.5 f 3.lC 1.7 f 2.2' 
7.5 f 6.2e 4.8 f 4.5' 


12.0 f 7.3d 8.4 f 6.6cd 
13.0 f 5.ae 9.5 f 6.1d 
9.5 + 2.8c 9.6 f 2.2c 
5.1 I Me 5.8 f 2.OC 
2.7 f 0.gc 2.9 f 1.lC 
0.8 f 0.4c 0.9 f 0.4e 
0.3 f 0.2e 0.3 f 0.2c 


494.0 f 85.3d 450.0 f 75.4c 


22.1 f 9.5e 


16.4 f 4.Ie 


27.5 f 9.7d 


12.6 f 4.5d 


506 f 8gd 465 f 78" 


38 f 9.gd 
15 f lod 
13 f 6.6d 


4.6 f 5.ad 


41 f 9.0d 
19 f 8.1d 
13 f 7.1d 


4.6 f 7.0d 


of Pharmacy and Medicine, University of Missouri-Kansas City, 


effects and to reduce the contact time with the gastric 
mucosa. 


BACKGROUND 


A recent review (1) indicated that prolonged and repeated contact of 
aspirin alters the gastric membrane to allow hydrogen-ion back-diffusion, 
which results in irritation, bleeding, and, possibly, ulceration. As the pH 
of the stomach contents is raised, gastric irritation and bleeding decrease. 
This finding is consistent with reports (2,3) that administering aspirin 
in sufficient buffer to reduce the acidity of gastric fluids reduces occult 
blood loss. 


Other studies (4-6) showed that aspirin absorption through the 
stomach is negligible at alkaline pH and increases (to -11% of the dose) 
when administered in an unbuffered or acid solution. Reducing the acid 
content of the stomach speeds gastric emptying, which reduces the res- 
idence time for aspirin.in the stomach (7). Thus, administration of aspirin 
as a buffered solution provides more rapid delivery to the primary ab- 
sorption site (i.e., the intestine) while reducing the potential for adverse 
effects on the gastric membrane. Martin (8) reviewed aspirin kinetics and 
the influence of formulation factors on aspirin absorption. 


It is desirable to optimize the amounts of buffer components to provide 
rapid absorption and to reduce irritation with minimal alkalinization of 
urine and sodium intake. Since previous studies (2,3,9) measured the 
total salicylate in plasma, the efect of buffering on the bioavailability of 
unhydrolyzed aspirin is not known. In this study, plasma and urine as- 
pirin, salicylic acid, and salicyluric acid were quantitated by high-pressure 
liquid chromatography (HPLC) following aspirin administration in two 
different effervescent buffered solutions and as unbuffered tablets to 12 
fasting normal volunteers. 


EXPERIMENTAL 


Dosage Forms-Three commercially available dosage forms were used 
to provide approximately equal doses of aspirin. They were two plain 
tablets', each containing 325 mg of aspirin (TI; one effervescent tablet2 
containing 640 mg of aspirin, 1.825 g of sodium bicarbonate, and 1.079 
g of citric acid (16 mEq of buffer) (S-16); and two effervescent tablets3, 
each containing 324 mg of aspirin, 1.904 g of sodium bicarbonate, and 1.0 
g of citric acid (34 mEq of buffer) (S-34). 


Subjects-Twelve healthy male volunteers, 21-29 years old and 
61.4-81.4 kg, were screened by a comprehensive physical examination, 
complete blood chemistry, urinalysis, and complete blood count and 
differential. All were free of any active disease, such as flu, and from the 
use of any medication for 14 days prior to the study. None of the subjects 
had a history of GI disease or surgery. 


Method-A Latin-square design for three treatments in 12 subjects 
over three consecutive Saturdays was employed. A 10-hr fast preceded 
dosing and continued 4 hr postdosing except for water. At approximately 
7 am, predose urine and blood samples were obtained, and a single dose 
of aspirin with 240 ml of water was administered. The effervescent tablets 
were dissolved in 140 ml of water 3 min prior to dosing, and then the 
mixture was swallowed. The glass was rinsed with 100 ml of water, which 
also was swallowed. Following dosing, 100 ml of water was administered 
a t  1, 2, and 3 hr, and a uniform meal was served after the 4-hr sample. 
Subjects remained standing or sitting through the day, and exercise was 
limited to walking about the room. 


Bayer aspirin, Glenbrook Laboratories, Division of Sterling Drug, New York, 


Alka-Seltzer, Miles Laboratories, Elkhart, Ind. 


A common letter following the standard deviation indicates no significant 
difference ( p  < 0.05) (17). b The MAT defined in the discussion corresponds to the 
MRT, in Ref. 13, and VAT corresponds to the VRT,. 


N.Y. * Aspirvess, Miles Laboratories, Elkhart, Ind. 
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Table 11-Mean Plasma Salicylic Acid Data Table 111-Mean Plasma Salicyluric Acid Data  


Mean f SD, pg/mla 
Parameter T S-16 s-34 


Mean f SD, pg/mla 
Parameter T s-16 s-34 


Time 
5 min 


10 min 
15 rnin 
20 min 
30 rnin 
45 min 
1 hr 
1.5 hr 
2 h r  
3 hr 
4 hr 
6 hr 
8 h r  


10 hr 
Area under 


curve to 10 hr, 
(mg hr)/liter 


Time of maximum 
concentration, hr 


Maximum concentra- 
tion, mg/liter 


Area under 
curve to  infinity, 
(me hr)/liter 


0.7 f 0.6b 2.5 f 3.0b 2.3 f 2.36 
2.7 f 2.g6 9.4 f 8.46 7.5 f 6.66c 
6.2 f 5.46 18.0 f 12.46 15.3 f 11.gC 
9.1 f 6.0b 


17.9 f 7.76 
27.3 f 11.3b 
31.6 f 12.86 
37.7 f 10.16 
38.0 f 8.1 
33.9 f 6.gC 
30.2 f 6.5c 
21.4 f 6.4c 
14.2 f 6.2c 
8.4 f 4.7c 
230 f 56.6c 


1.9 f 0.4c 


39.8 f 8.g6 


282 f 104c 


25.9 f 13.g6 
34.5 f 11.96 
37.2 f 7.36 
38.3 f 7.26 
36.1 f 6.26 
34.8 f 5.6b 
29.7 f 5.1 
25.2 f 5.5b 
17.1 f 4.86 
10.6 f 4.7 
6.7 f 3.g6 
210 f 44.96 


1.0 f 0.5b 


40.3 f 6.8b 


244 f 71.86 


21.6 f 14.3c 
33.0 f 12.2c 
39.1 f 7.3e 
40.0 f 6.3c 
38.2 f 5.0b 
34.6 f 3.7b 
29.8 f 4.g6 
25.6 f 4.86 
18.1 f 5.36 
11.5 f 4.66 
7.4 f 3.76c 
216 f 40.gbC 


1.0 f 0.4b 


41.2 f 6.0b 


253 f 63.26 


A common letter following the standard deviation indicates no significant 
difference ( p  < 0.05) by ANOVA and least-significant difference method (17). 


Blood was drawn into chilled vacuum containers* oia an indwelling 
catheter at  5,10, 15,20,30, and 45 min and a t  1,2,3,4,6,8,  and 10 hr. 
Plasma was separated by centrifugation at  1764Xg within 20 min of 
collection. All urine was collected at  2-hr intervals over 10 hr, the pH and 
volume were measured, and an acidified aliquot was saved for analysis. 
All samples were frozen at  -3OO and assayed within 2 weeks of collection 
by the HPLC method described previously (10). 


RESULTS 


As shown in Tables 1-111, plasma aspirin, salicylic acid, and salicyluric 
acid levels rose more rapidly following the solutions than following the 
tablet; the solution containing 16 mEq of buffer was fastest. The rank 
order and profile projected in the tables are the same in 11 of the 12 
subjects, except that the two tablets occasionally showed two or three 
maxima. 


Urine pH ranged between 5.8 and 7.4, and the urine flow rate averaged 
108 f 58 ml/hr for the 170 samples collected at  2-hr intervals. Over 10 
hr, urinary excretion of aspirin, salicylic acid, and salicyluric acid (in 
aspirin equivalents) accounted for 1.06-1.52,5.4-10.9, and 55.2-56.9% 
of the dose (Table IV). Projected to infinite time, salicyluric acid ac- 
counted for 6449% of the aspirin dose, which is consistent with an earlier 
report (11). The mean renal salicylurate clearance of 35.7 litershr (595 
ml/min) is somewhat higher than that reported earlier (11, 121, which 
may be due to the young subjects whose prestudy creatinine clearances 
all exceeded 120 ml/min. 


Significant ( p  < 0.05) differences in urine pH and the renal clearance 
of aspirin and salicylic acid occurred only during the first 2 hr, and sali- 
cyluric acid clearance was not significantly affected. Multiple linear re- 
gression analysis provided a negative correlation of aspirin and salicylic 
acid renal clearance with the urine hydronium-ion concentration and no 
significant correlation with the urine flow rate or plasma drug concen- 
tration. Salicylurate renal clearance did not correlate with urine hydro- 
nium-ion concentration, urine flow rate, or plasma salicylurate or plasma 
salicylate concentrations. 


Statistical moments as described by Yamaoka et al. (13) were used to 
estimate the mean residence time in the body and GI tract (MRT and 
MRT,) and the corresponding variances (VRT and VRT,) for aspirin. 
These parameters were computed for each dose for each subject, assuming 
first-order elimination from a single compartment. 


Linear regression of the natural logarithm of the last three measured 
plasma concentrations of each curve was used to estimate the apparent 


Vacutainer BD, 278-069,7.0 ml containing 14 mg of potassium oxalate and 17.5 
mg of sodium fluoride. 


Time 
5 min 


10 min 
15 rnin 
20 min 
30 rnin 
45 min 
1 hr 
1.5 hr 
2 hr 
3 hr 
4 hr 
6 hr 
8 hr 


10 hr 
Area under 


curve to 10 hr, 
(mg hr)fli%r 


Time of maximum 
concentration, hr 


Maximum concentra- 
tion, rndi ter  


0.0 f 0.06 0.0 f 0.06 0.0 f 0.06 
0.0 f 0.16 0.2 f 0.26 0.2 f 0.26 
0.2 f 0.26 0.4 f 0.36 0.4 f 0.46 
0.4 f 0.26 0.7 f 0.46 0.6 f 0.46 
0.7 f 0.3b 1.0 f 0.46 0.9 f 0.5b 
1.1 f 0.46 1.4 i 0.6b 1.2 f O X b  
1.2 i 0.46 i.5 I 0 3 6  1.4 f 0.76 
1.4 f 0.5b 1.6 f 0.86 1.5 f 0.6b 
1.5 f 0.5* 1.7 f 0.gb 1.5 f 0.6b 
1.5 f 0.56 1.6 f 0.gb 1.4 f 0.46 
1.4 f 0.56 1.5 f 0.76 1.3 f 0.4b 
1.3 f 0.36 1.3 f 0.76 1.2 f 0.26 
1.0 f 0.26 0.9 f 0.6b 0.8 f 0.2b 
0.6 f O. lb  0.6 f 0.4b 0.6 f O . l b  


11.5 f 2.gb 12.3 f 6.46 10.9 f 2.g6 


2.9 f 1.66 1.7 f 0.46 2.4 f 1.36 


1.6 f 0.56 1.8 f 0.g6 1.5 f 0.6b 


li A common 
difference ( p  < 


letter following 
0.05) (17). 


the standard deviation indicates no significant 


half-life and to compute the area to infinite time. For each subject, the 
smallest apparent half-life was taken as an estimate of the one-com- 
partment elimination half-life and used for subsequent statistical mo- 
ment computations. This approach resulted in an elimination half-life 
of 15.6 f 2.7 (mean f SD)  rnin for the 12 subjects, which closely ap- 
proximates the 14.9-min half-life reported for intravenous aspirin (14). 
Averages of the mean residence times and variances are presented in 
Table I. These parameters provide a quantitative estimate of the relative 
absorption rate without reference to an absorption model and also reflect 
the more consistent plasma curve obtained following ingestion of solu- 
tions in comparison to the tablet. 


DISCUSSION 


The combination of a specific HPLC analysis with sample handling 
and extraction procedures allows a detailed evaluation of plasma and 
urine aspirin, salicylic acid, and salicyluric acid levels following a tablet 
and two effervescent solutions. The solution with 16 mEq of buffer was 
the most rapidly absorbed, with the solution containing 34 mEq of buffer 
and the tablet following in that order. 


The gastric emptying rate was measured5 for the two solutions fol- 
lowing a similar protocol by recovery of the gastric contents, and gastric 
emptying was observed with both to be about five times faster than occurs 
when the same volume of water is taken in the fasting state (7). 


There are several possible methods of analysis for the aspirin absorp- 
tion rate. One could utilize the Wagner-Nelson equation (15) to analyze 
the plasma aspirin or salicylate concentration-time curves. However, this 
approach presumes that a single-body compartment model applies to 
these data. Both compounds exhibit biexponential disposition, and sa- 
licylate-salicylurate data indicate that the salicylate is eliminated by one 
or more capacity-limited processes. A further analysis of the apparent 
percent absorbed-time curves, which could be obtained from such an 
analysis, requires certain presumptions, e.g., that either first- or zero- 
order absorption kinetics apply. An alternative is to compare the peak 
time or concentrations. However, this approach leads only to a rank 
correlation and is open to serious errors due to difficulties in accurate 
estimation of the peak time and/or concentration from the available 
data. 


Therefore, the application of the mean residence time approach re- 
cently introduced by Yamaoka et al. (13) was explored. It was shown6 
recently that relative mean absorption time (MAT) values can be cal- 
culated from oral data using the terminal rate constant in the calculation. 
In this approach, a drug exactly exhibiting one-compartment first-order 
elimination would have an MRT,, equal to: 


5 J. N. Hunt, School of Medicine, Baylor University, Houston, Tex., personal 


6 S. Riegelman and P. Collier, School of Pharmacy, University of California, San 
communication. 


Francisco, Calif., personal communication. 
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Table IV-Mean Urine pH and Renal Clearance of Aspirin, Salicylic Acid, and Salicyluric Acid .I 
Renal Clearance, litershr 


P R  Aspirin, Salicylic Acid, Salicyluric Acid, 
Period, hr Treatment mean f SD mean f SD mean f SD mean f SD 


- - Predose T 5.93 f 0.28 - 
S-16 5.93 f 0.24 - - - 
s-34 5.91 f 0.31 - - - 


NS 
0-2 T 5.72 f 0.44c 0.84 f 0.48' 0.054 f 0.071' 33.6 f 6.5' 


S-16 5.89 f 0.48Cd 1.21 f 0.54c 0.141 f 0.138Cd 32.7 f 8.6' 
s-34 6.42 f 0.58d 1.50 f 0.69" 0.304 f 0.243d 37.2 f 7.3' 


2-4 T 6.01 f 0.58c - 0.113 f 0.155' 36.2 f 5.0' 
S-16 6.48 f 0.63d - 0.204 i 0.180' 34.4 f 8.5c 
5-34 6.59 f 0.48d - 0.199 f 0.160' 37.5 f 4.5' 


4-6 T 5.93 f 0.50' - 0.086 f 0.080c 33.5 f 7.4c 
S-16 6.24 f 0.48c - 0.156 f 0.095' 34.4 f 9.4' 
$4-34 6.31 f 0.52' - 0.116 f 0.104' 37.7 f 6.3' 


6-8 T 6.31 f 0.46' - 0.276 f 0.289' 35.1 f 6.3c 
S-16 6.52 f 0.56' - 0.260 f 0.149' 36.2 f 8.9' 


6.53 f 0.5lC - 0.234 f 0.185c 36.8 f 4.2= s-34 
8-10 T 6.30 f O.4lc - 0.211 f 0.140' 37.5 f 5.OC 


36.6 f 9.6c S-16 6.69 f 0.42' - 
s-34 6.77 f 0.30' - 0.310 f 0.167' 36.4 f 9.7' 


Aspirin T - 6.87 f 3.64 34.8 f 29.8 364.8 f 89.5 
equivalents S-16 - 9.69 f 4.34 6.4 f 68.7 353.3 f 85.8 
excreted in s-34 - 9.91 f 5.11 70.6 f 65.7 368.7 f 110 
10 hr, mg 


56.3 f 13.8 
aspirin dose S-16 - 1.51 f 0.67 10.1 f 10.7 55.2 f 13.4 
in 10 hr 5-34 - 1.52 f 0.78 10.9 f 10.1 56.9 f 16.9 


a A common letter following the standard deviation indicates no significant difference ( p  < 0.05) (17). * NS = not significant. 


0.342 f 0.159' 


Percent of T 1.06 f 0.56 5.4 f 4.6 - 


MRTi, = Ilk (Eq. 1) 


When administered orally with a first-order absorption rate constant of 
kn, the drug would exhibit an MRToral of: 


The mean absorption time could be estimated as: 


M A T  = MRToral - MRTi, (Eq. 3a) 
or: 


(Eq. 36) 


if one could estimate the elimination rate constant from the fall-off 
curve. 


Since absorption disposition after intravenous administration probably 
exhibits two-compartment body kinetics (PCBM), a small error is in- 
volved in the MAT estimate. Riegelman and  collie^ showed that the 
MRTj, value for a drug exhibiting two-compartment body kinetics ex- 
actly equals: 


(Eq. 4) 


Thus, when one calculates the M A T  values using Eq. 1, one obtains a 
value equivalent to: 


(Eq. 5) 


For aspirin, the magnitude of the correction assuming two-compartment 
body kinetics can be estimated from the intravenous studies of Rowland 
and Riegelman (14) to be 4.5 min on the average. If one presumes that 
disposition does not change significantly between studies, this negative 
correction should be added to the relative or uncorrected M A T  values 
listed in Table I. The resultant M A T  values are not dependent on any 
particular input kinetics but probably represent the time for 63% of the 
dose to be absorbed. 


The computed mean residence times for aspirin in the GI tract ( M A T  
values) of 15 f 10,19 f 8.1, and 38 f 13 min for S-16, S-34, and T, re- 
spectively, indicate a statistically significant increased MRTg value for 
the tablet. These results probably reflect the rate a t  which aspirin leaves 
the stomach and enters the intestine and the continued dissolution of 
the tablets. With the more acid gastric environment, the tablet is emptied 


more slowly into the intestine, and the potential for gastric absorption 
and irritation is greater than with the two buffered solutions. Although 
in uitro experiments showed the aspirin tablets to be -90% dissolved in 
5 min, in uiuo some solid aspirin particles may exist for a longer time and 
even be emptied into the intestine. 


Pharmacokinetic studies showed that aspirin solutions are absorbed 
completely and that -60% reaches the general circulation unhydrolyzed 
(16). In the present study, two findings suggest that the amount of total 
salicylate (i.e., aspirin plus salicylic acid) absorbed is equivalent for the 
three dosage forms. First, the total salicyluric acid excreted over 10 hr 
was essentially equal for all dosage forms (Table IV). Second, the areas 
under the plasma salicylate curve following the three treatments were 
within an 11% range, which may be attributed to the differences in renal 
clearance. The area under the curve for aspirin was 20% higher following 
the tablet than following the solution with 34 mEq of buffer, a difference 
not attributable to the small difference in renal clearance of aspirin as- 
sociated with the two dosage forms. Thus, following the tablet, -20% less 
aspirin was hydrolyzed prior to and/or during absorption when compared 
to the buffered solutions. If -60% of the aspirin reaches the general cir- 
culation unhydrolyzed following the tablet, then -50% does so following 
the effervescent solutions. This difference may result from a partial hy- 
drolysis a t  the elevated pH associated with the buffered solution. Al- 
ternatively, part of the aspirin from the tablet may escape metabolism 
in the intestinal mucosa by being absorbed through the stomach. 


An interesting observation is that the effervescent solution with 34 
mEq of buffering agent and 648 mg of aspirin in a two-tablet dose con- 
tains more buffering than is required for rapid aspirin absorption in the 
fasting subject. Since this dosage form is commonly employed to treat 
the combined symptoms of headache and gastric hyperacidity, the 34 
mEq of buffering may not be excessive. The effects of food on the ab- 
sorption rate from buffered solutions are currently under study and may 
reveal different buffering requirements than were observed in the fasting 
stomach. However, for patients requiring only an analgesic effect, it may 
be advantageous to employ a solution with less buffering to obtain rapid 
absorption with a low sodium dose. 
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Abstract 0 A general method of analysis of anthracycline concentrations 
was developed. Drug is extracted from plasma with organic solvent and 
separated from metabolites by high-pressure liquid chromatography on 
an aminocyanosilica column. Detection and quantitation are by the en- 
dogenous fluorescence of compounds having an intact tetracyclic ring 
structure. Limits of sensitivity are 5,1, and 5 ng/ml of plasma for doxo- 
rubicin, carubicin, and marcellomycin, respectively. The assay can be 
used for studying the aldo-keto reductase and reductive glycosidase re- 
actions with anthracyclines as the substrates and for the evaluation of 
the clinical pharmacology or pharmacodynamics of various doxorubicin 
analogs. 


Keyphrases 0 Anthracyclines-doxorubicin, carubicin, daunorubicin, 
and marcellomycin, high-pressure liquid chromatographic analysis, dog 
plasma 0 High-pressure liquid chromatography-analysis of doxoru- 
bicin, carubicin, daunorubicin, and marcellomycin in dog plasma 0 
Antineoplastic activity, potential-high-pressure liquid chromatographic 
analysis of anthracyclines in dog plasma, doxorubicin, carubicin, dau- 
norubicin, and marcellomycin 


Doxorubicin (adriamycin) is the best known of several 
hundred characterized anthracyclines. It has a broad 
spectrum of activity, so it is widely used in cancer therapy. 
However, because of significant acute and chronic toxici- 
ties, there is a constant search for active anthracyclines 
with less severe or less frequent adverse effects. 


Several anthracycline analogs have reached the clinical 
stage of development. Daunorubicin (daunomycin, ceru- 
bidine), for example, was shown to be useful in the treat- 
ment of leukemia (1) and is now commercially available. 
Carubicin (carminomycin), an anthracycline that was 
developed and clinically tested in the Soviet Union (2), is 
being evaluated in the United States and Europe. Aclaci- 
nomycin A, a drug from Japan, is being evaluated in Eu- 
rope (3) and tested clinically in the United States. Another 
anthracycline, marcellomycin, appears to be relatively 
nontoxic to white cells in animals (4) and is now under- 
going toxicity studies in preparation for clinical testing. 


A simple, rapid, inexpensive method qf analysis of an- 
thracycline concentrations in biological fluids is needed 


not only for comparative studies of pharmacokinetics and 
pharmacodynamics but also for the clinical monitoring of 
patients receiving doxorubicin analogs. A method for de- 
termining parent drug concentrations for various an- 
thracyclines including doxorubicin, daunorubicin, caru- 
bicin, and marcellomycin has been developed. The method 
employs drug extraction with an organic solvent followed 
by high-pressure liquid chromatography (HPLC) with 
fluorescence detection. In uitro enzyme studies and in uiuo 
pharmacokinetic investigations can be performed using 
this assay. 


EXPERIMENTAL 


Reagents and Drugs-Purified doxorubicin’, daunorubicin’, caru- 
bicin2, marcellomycin2, rudolphomycin2, and aclacinomycin A2 were used 
for assay development. Clinical grade doxorubicin3 and carubicin* were 
used in animal studies. Adriamycinol and daunorubicinol were obtained 
by reduction of the parent compound with aldo-keto reductase according 
to the procedure of Felsted et al. (5). Carminomycinol was prepared by 
borohydride reduction according to a modified procedure of Povarov et 
al. (6). 


Aglycones were prepared by acid hydrolysis a t  elevated temperature 
(7). Deoxyaglycones of doxorubicin and adriamycinol were produced by 
reaction of the parent compound with microsomal enzymes in the pres- 
ence of reduced nicotinamide-adenine dinucleotide phosphate (NADPH) 
under anaerobic conditions (8). Solvents were reagent grade or better, 
and degassing was not necessary. Water was glass distilled. 


Instruments-Volume measurements were made with automatic 
pipetsd. The high-pressure liquid chromatograph included an injection 
port5 and a single-piston pump6 with electronic damping. The column 
(25 cm X 4.6 mm i.d.) was packed with 10-pm aminocyanosilica’. The 
detection unit consisted of a filter-type fluorometers with an emission 
filter of bandwidth 560-570 nm and an excitation filter of bandwidth 


~ ~~ ~~ 


1 Adria Laboratories, Dublin, Ohio. 
2 Bristol Laboratories, Syracuse, N.Y. 


Adriamycin, Adria Laboratories, Dublin, Ohio. 
Digital Pipetman, Rainin Instrument Co., Brighton, Mass. 
Model 7210, Rheodyne, Berkeley, Calif., or model U6K, Waters Associates, 


Model 110, Altex, Rainin Instrument Co., Brighton, Mass. 
Partisil-10 PAC, Whatman, Clifton, N.J. * Spectra-Glo, Gilson Medical Electronics, Middleton, Wis. 


Milford, Mass. 
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Abstract 0 The preferred conformations of a pharmacologically inter- 
esting series of N-substituted nortropane spirohydantoins were deter- 
mined from PMR and 'W-NMR data to permit a structure-activity re- 
lationship study. 


Keyphrases Tropane and N-substituted nortropane spirohydan- 
toins-PMR and ':'C-NMR spectra, determination of preferred con- 
formation 0 ':'C-NMR spectroscopy-tropane and N-substituted nor- 
t ropane spirohydantoins, determination of preferred conformation 


A series of tropane and nortropane 3-spiro-5'-hydan- 
toins, synthesized previously following the method out- 
lined in Scheme I (l), showed anticonvulsant activity 
against pentylenetetrazol-induced convulsions in mice (2) 
and antiarrhythmic activity in rabbits previously treated 
with ouabain (2). Compound V is as active as procainamide 
in this assay. It showed an inhibitory effect on sodium 
transport in frog skin. As with diphenylhydantoins, it did 
not alter the initial inhibitory phase in the action of iso- 
proterenol on frog skin, but it did alter subsequent stim- 
ulation (3). Furthermore, several compounds showed a 
local anti-inflammatory action comparable to that of in- 
domethacin and greater than that of phenylbutazone 
(4). 


These observations prompted the PMR and lW-NMR 
study of these compounds to determine their preferred 


,COOH 


\ 
COOH 


0 


KCN + (NH,),CO, 
+ 


RN 


conformation in solution with the objective of establishing 
a structure-activity relationship. 


EXPERIMENTAL 


The synthesis and purification of the compounds were described 
previously (1). The PMR spectra were recorded a t  100 MHz' a t  room 
temperature. The '"C-NMR spectra were determined a t  20 MHz2 and 
a t  25.2 MHz' in the Fourier transform mode. The spectra were obtained 
at room temperature by using the deuterium resonance of the solvent 
(deuterium oxide) as the lock signal. Dioxane (67.4 ppm downfield rela- 
tive to tetramethylsilane) was used as the reference. Both broad band 
decoupled and single-frequency off-resonance decoupling spectra were 
determined. 


RESULTS AND DISCUSSION 


PMR Spectra-The PMK spectra of all of the spirohydantoins (Table 
I) displayed a fairly symmetrical two-proton band a t  -4.0 ppm, which 
was assigned to the C-1 and C-5 hydrogens; the widths a t  half of the 
maximum height ( W l p ~ )  of these signals were taken to measure the extent 
of spin coupling (5). Coupling between the C-1 and C-5 methine protons 
and the C-6 and C-7 methylene protons was assumed to be constant 
throughout the series. 


The W ~ p j  value for the C-1 and C-5 hydrogen signals (Table 11) fell in 
the range of 9-11 Hz, which corresponds to a chair conformation of the 
piperidine ring, since the corresponding C-1 and C-5 hydrogen signals 
for a boat conformation are -18 Hz (5). The chair conformation OF the 
piperidine ring is corroborated by the values of the coupling constants 
JH2,4rr-H~,~ and JH2,4,jHl,~ (Table 11). Furthermore, JH2,48-H1.5 is 
greater than JH2,4cr-H1,5, and, therefore, the dihedral angle HZ,~(~-C-  
C-Hl.5 is greater than HY,~&-C-HI,S due to a flattening of the piperidine 
ring. 


In all of the spirohydantoins studied, there was a difference of -0.6 
ppm between the 6 values corresponding to H - k  and H-4a and H-2P 
and H-4P (Table I). This difference was produced by the field effect due 


I : R = H  
11: R = CH, 


111: R = C,H, 
IV: R = n-C,H, 
V:  R = iso-C,H, 


VI: R = n-C,H, 
VII: R = CH,CH,OH 


VIII: R = C,H, 
IX: R = CH,C,H, 
X: R = CH,CH,C,H, 


Scheme I 


0022454918110 100-0087$01.00l0 
@ 198 1, American Pharmaceutical Association 


II 
0 


Figure 1-Drawing showing piperidine linkage. 


1 Varian XL 100 spectrometer. 
2 Varian CFT 20 spectrometer. 
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Table I-Chemical Shifts a of Hydrochlorides of I-X in Dimethyl Sulfoxide (Tetramethylsilane as Internal Reference) 


Group I IIb 111 IV V VI VII VIII IX X 
~ ~ ~~~~ ~~ 


H2.4~. 1.83 (a) 2.14 (a) 1.95 (a) 1.93 (a) 1.9 (a) 1.84 (a) 1.94 (a) 1.42 (a) 1.93 (a) 2.0 (a) 
2.40 (a) 2.61 (a) 2.46 (a) 2.46 (a) 2.4 (a) 2.45 (a) 2.6 (a) 2.2 (a) 2.56 (a) 2.6 (a) 


Hi,a 4.0 (b) 4.07 (b) 4.03 (b) 4.10 (b) 4.10 (b) 3.9 (b) 3.81 (b) 4.26 (b) 4.22 (b) 
H6 7 2.13 (b) 2.37 (c) 2.2 (b) 2.18 (b) 2.18 (b) 2.16 (b) 2.20 (b) 2.0 (b) 2.32 (b) 2.3 (b) 
CI-ia 2.87 (d) 3.06 (e) 2.92 (f)' 4.1 (c) 2.91 (f) 4.12 (b) 3.82 (b) 3.2 


1.26 (f) 1.72 (g) 1.34 (h) 1.64 (i)' 3.08 (b) 3.2 CHB 


4.15 (b) 
H2.4fl 


0.9 (f) 1.34 (9) 
0.92 cf) 


6.5-6.8 (c) 7.4-7.6 (c) 7.4 (d) 
7.0-7.2 (c) 7.6-7.8 (c) 


0 a = doublet of doublets, b = wide sin let, c = multiplet, d = singlet, e = quartet, f = triplet, g = sextuplet, h = doublet, and i = quintuplet. Spectra were recorded 
in deuterium oxide as solvent. c Not resofved. 


Table 11-Coupling Constants of Hydrochlorides of I-X in Dimethyl Sulfoxide (Hertz Values, Tetramethylsilane as Internal 
Reference) 


Identification I" I1 111 IV V VI VII VIII IX X 


JHz,~~-Hz.~o  14 16 16 15 16 16 16 14 14 14 
JH2,41f-H1,5 3 3 3 -3 -3 3 -3 3 3 -3 
JH2,4n-H1,5 <1 <1 1 -1 -2 1 -2 1 <1 -2 
JH1.s (Wild 9 9 10 9 10 9 10 9 9 11 .. - 
JH:,:H~ 8 6 8 


8 8 
8 


JHB-H, 
JH,-Hn 


0 Spectra were recorded in deuterium oxide. 


to the magnetic anisotropy of the C-4' carbonyl group, which occupies 
an equatorial position with regard to the piperidine ring (6,7). This ar- 
rangement was confirmed in I1 by X-ray diffraction data (8). 


In VIII, the signals corresponding to H-2 and H-4 were shifted toward 
a higher field (A6 = 0.4 ppm) with respect to the other compounds of the 
series, as expected. However, the signal corresponding to H-1 and H-5 
was deshielded -0.3 ppm with respect to the same signal of the other 
compounds (Table I). This result was attributed to the field effect due 
to the anisotropy of the N-equatorial phenyl group when this group 
adopts the more favored conformation, which has the plane of the aro- 
matic ring at right angles to a plane passing through the nitrogen and C-4 
of the piperidine ring (9). 


I3C-NMR Spectra-In all cases, noise-decoupled and single-fre- 
quency off-resonance decoupling spectra were obtained. 


The W-NMR data of I, 11, and X are summarized in Table 111. As- 
signments of the carbon resonances were made by the multiplicity of 
signals in the single-frequency off-resonance decoupling spectra, the peak 
intensity of the noise-decoupled spectra, the literature data (10-14), and 
conventional techniques. 


In all cases, the 6 values of the C-2 and C-4 signals (Table 111) clearly 
indicated the equatorial position of the radical attached to the piperidine 
nitrogen atom since, for an N-axial position, a great interaction would 
he apparent a t  C-2 and C-4 due to the steric compression between the 
axial C-2 and C-4 protons and the axial N-group, giving place to a 
shielding of -20 ppm for the C-2 and C-4 atoms (13). 


By comparing the C-6 and C-7 signals of I with the same carbon signals 
of I1 and X (Table III), an effect of the N-methyl and N-phenethyl groups 
of 1.2 and 1.7 ppm, respectively, can be deduced. The same y-effect for 
the couple nortropane-tropane has a value of 3.4 ppm (10); an analogous 


Table III--L3C-Chemical Shifts for Hydrochlorides of I, 11, and X 
in  Deuterium Oxide 


Carbon 
Position Multiplicity" 1 I1 Xb 


1,5 d 54.33 63.20 61.35 
294 t 37.99 40.08 39.27 
3 S 59.88 59.75 59.20 


t 25.29 24.12 23.63 
- 40.88 - 677 


- - 53.30 
N-CHa 9 
N-CH2CH2 t 
N-CHzCH2 t - - 31.27 
c-2' S 159.80 160.80 159.40 
(2-4' S 180.60 181.09 179.90 


0 Signal multiplicity obtained from single-frequency off-resonance decoupling 
spectra: s = singlet, d = doublet, t = triplet, and q = quartet. Aromatic: C-1,137.3; 
C-2 and C-6", 129.61; C-3 and C-5**, 132.0; and C-4,128.24 (** Values may be 
interchanged). 


y-effect for 7-methylnorbornane has a value of 3.8 ppm (15). The smaller 
y-effect in I1 and X, with respect to tropane and 7-methylnorbornane, 
as well as the mentioned flattening of the piperidine ring deduced in the 
PMR data, can be explained as follows. The linkage of the 2,6-positions 
of piperidine by a dimethylene bridge causes the 2,6-axial bonds to move 
together and the 3,5-axial bonds to diverge, while the nitrogen moves 
away from and C-4 moves nearer to the mean plane of the ring (Fig. 1) 
(16,17). These distortions in I-X are increased by the steric compression 
between the ethylene bridge and the hydantoin ring. 


The d values of C-2 and C-4 in I, 11, and X are in agreement with a chair 
conformation in the piperidine ring, with an additional shielding due to 
the introduction of a y-gauche interaction at these carbon atoms with 
the NH axial proton (13). The signals of C-1 and C-5 also are in agreement 
with a chair conformation of the piperidine ring since the shielding effect 
is not observed as a consequence of eclipsing between the C-1 and C-5 
and the C-2 and C-4 hydrogen atoms in the boat conformer (13). 


CONCLUSION 


The results obtained by X-ray diffraction of I1 are in good agreement 
with the PMR and W-NMR conclusions. From the X-ray diffraction 
studies (8), it was deduced tha t  (a )  the piperidine ring has a flattened 
chair conformation; ( b )  the piperidine nitrogen atom shows a pyramidal 
geometry, and the methyl group attached to it is in an axial position; and 
(c) the dihedral angle C~,~-CI,~-NS has a smaller value compared to the 
same dihedral angle in other tropane derivatives such as pseudotropine 
(17) and a-chlorotropane monohydrate (18), which both have the N -  
methyl group in the equatorial position. 


The main reason for the N-methyl axial position in the crystalline state 
of I1 (8) probably is to make possible the intermolecular hydrogen 
bonding between the N-3' hydrogen and N-8. When I1 as i ts  hydrochlo- 
ride is dissolved in deuterium oxide, the N-methyl group occupies an 
equatorial position to avoid the diaxial interaction with the axial C-2 and 
C-4 hydrogen atoms; by consequence, the dihedral angle C6,7-Cl,s-Ne 
is increased to decrease the steric compression between the C-6 and C-7 
exo-hydrogen atoms and the N-equatorial group. 
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Two-Dimensional TLC Analysis of Ginsenosides from 
Root of Dwarf Ginseng (Punux trifolius L.) Araliaceae 
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Abstract  A procedure is reported for the two-dimensional TLC sep- 
aration of ginsenosides from the root of Panax trifolius L. The solvent 
systems and spray reagents described are useful for the identification 
of'ginsenosides in various species of Panax. The results of the separation 
and identification with controls of at  least four ginsenosides from the root 
of P. trifolius L. are reported. The total percentage of ginsenosides was 
0.0061%. 


Keyphrases 0 Ginsenosides-two-dimensional TLC analysis from root 
of dwarf ginseng 0 Panax trifolius L.-two-dimensional TLC analysis 
of ginsenosides from root Ginseng, dwarf-two-dimensional TLC 
analysis of ginsenosides from root 


Dwarf ginseng1 is a member of the ginseng family 
(Araliaceae) and is distributed from southern Canada to 
the northern United States (1). The plant is small and 
delicate and has a whorl of three stalked leaves, each of 
which is divided into three stalkless leaflets. The plant has 
a small round umbel of white flowers, which develop into 
greenish-yellow fruits, and a round tuberous root, which 
grows deep in the ground. 


This report describes the usefulness of two-dimensional 
TLC for the semimicro separation of the ginsenosides 
isolated from the root of dwarf ginseng (Panax trifolius 
L.). 


EXPERIMENTAL , 


Plant  Material-Specimens of wild dwarf ginseng (P. trifolius L.) 
were collected on May 4, 1979, from the Tyler Arboretum, Delaware 
County, Pa. 


Extraction Procedure-Ground, freeze-dried roots (18.6 g) were 
extracted with chloroform (150 ml) to remove pigments and lipids. The 
marc was air dried and extracted again with methanol (150 ml). Metha- 
nol-washed silica gel (10.0 g) was mixed well with the methanolic extract 
and filtered to remove impurities (2). The filtrate was combined with the 


This is the first report of continuing research on Panax trifolius L. All plant 
parts of dwarf ginseng are currently being studied in detail. 


methanolic silica gel washings and concentrated to 5 ml. Ten milliliters 
of water was added to 50 ml of the methanolic extract and then reex- 
tracted three times with water-saturated 1-butanol (60 ml total). The 
three butanol layers were combined and concentrated to yield the crude 
saponin extract (20 mg), and this extract was examined by two-dimen- 
sional TLC. 


Two-Dimensional TLC-Adsorbent-Precoated silica gel 60 F-254 
silanized TLC plates2 were used (20 X 20 cm, 250-pm layer). 


Eluent Systems-Solvents were analytical grade and were used as 
received?. Eluent A was chloroform-methanol-ethyl acetate-butanol- 
water (4:4:8:1:2, lower phase). Eluent B was chloroform-butanol-meth- 
and-water (4:8:3:4, lower phase). Eluent C was chloroform-methanol- 
water (13:7:2, lower phase). 


Detection Reagent-A solution of 1 rnl of p-anisaldehyde and 1 ml of 
concentrated sulfuric acid diluted to 100 ml with methanol was prepared 
fresh daily. Plates were heated at 130° for 15 min following spraying 
(3). 


Standard Solutions-Standard solutions consisted of ginsenosides4 
Ro, Rbl, Rbz, Rc, Rd, Re, Rf, Rg,, and Rgp dissolved in methanol a t  a 
concentration of 1 mg/ml. All stock solutions were kept refrigerated 
(3). 


Procedure-The concentrated crude saponins were dissolved in 
methanol (1 ml), and 20 pl of this solution was spotted on the bottom left 
corner of the plates 2.0 cm from each side. The standard solutions of 5 
pl of each control ginsenoside were spotted separately 0.8 cm from each 
other on the bottom right and upper left, exactly 10.0 cm from the crude 
saponin spot. Two-dimensional TLC plates were prepared as shown in 
Fig. 1. 


The plates were developed separately in one direction in Eluents A and 
B for 10 cm. After air drying for 10 min, the plates were run in the second 
direction using Eluent C perpendicular to the first direction for a distance 
of 10 cm. The Rf values were calculated on the basis of a solvent front of 
10.0 cm above the origin, and the relative Rf values were calculated with 
the ginsenoside Rf as the standard. 


Quantitative Analysis-Quantitation of the saponins of P. tnfolius 
L. was performed using the spectrodensitometric procedure described 
previously (3). A 250-mg portion of the root was extracted, and 3.5 ml of 
the final 1-butanol solution was evaporated to dryness. The residue was 


~ ~ ~~ ~ ~ ~~ ~ ~~ 


Catalog No. 5601, EM Laboratories, Elmsford, NY 10523. 


Nine standard ginsenosides were obtained from Dr. J. Shoji, Showa University, 
:' Fisher Scientific Co., Fair Lawn, Nd 07410. 
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Figure 2-~-Asparagine concentration in serum after subcutaneous 
implantation of 100 IU of L-asparaginase (700 IUlkg) in rats (0). The 
arrow shows the time when the implant was removed and a new gel 
tablet containing 100 IU of L-asparaginase (300 IUlkg) was inserted. 
Each point represents samples drawn from two rats and shows the mean 
and the range. The normal L-asparagine level (+) was obtained from 
an untreated rat from the same litter. 


The decrease of the serum L-asparagine concentration was of the same 
magnitude after the second implantation as that found initially, in spite 
of the lower dosage of L-asparaginase. This finding indicates that no 
significant amounts of antibodies were produced in the rats during the 
first 60 days of exposure to the implants. This conclusion is in accordance 
with earlier findings that proteins immobilized in highly cross-linked 
polyacrylamide are stably bound in the gel (6). Thus, it is feasible to as- 
sume that not enough of the immunogenic enzyme leaks out of the gel 
to activate the immune system. 


By subcutaneous administration of L-asparaginase in implants of 
polyacrylamide, the effect can be substantially prolonged compared to 
the duration obtained by administration of soluble enzyme or by enzyme 
immobilized in microspheres. Although duration of the systemic effect 
in viuo was not limited by denaturation, the formation of a collagenous 
capsule around the implant effectively prevented the contact between 
the enzyme and the circulating L-asparagine. The encapsulation is a 
normal reaction to the presence of a foreign body. The same effects were 
detected after implantation of other acrylic polymers in rats (10,ll). 


Updike et al. (12) also increased the duration of L-asparaginase by 
immobilizing the enzyme in resealed red blood cell ghosts. Undetected 
or very low levels of circulating L-asparagine lasted twice as long after 
the intravenous injection in monkeys of ghost-entrapped enzyme than 
after injection of the same amount of free enzyme. In this case, the du- 
ration of the enzymatic effect was limited by the survival of the red blood 
cell ghosts in the circulation. 


Chang et al. (13) also showed that L-asparaginase entrapped in semi- 


permeable microcapsules (-80 pm in diameter) can deamidate L-as- 
paragine in vitro. When given intraperitoneally in mice, the entrapped 
enzyme (3.5 IU) was more efficient than native enzyme and cured 50% 
of the treated mice bearing an L-asparagine-dependent lymphoma cell 
line, 6C3HED (14). 


The L-asparaginase implants thus were able to depress the systemic 
L-asparagine level significantly for prolonged periods. However, as is 
evident from the figures, the concentration of L-asparagine never reached 
zero. Therefore, it is not possible to predict whether the decreased level 
would influence the proliferation of L-asparagine-dependent tumors. 
Such tests may be performed with the 6C3HED cell line growing in 
mice. 
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Abstract 0 A rapid, specific, and sensitive fluorometric assay for retinol 
in rat serum is reported. Serum retinol is extracted into cyclohexane after 
dilution of the serum sample with aqueous acetonitrile. Sample volumes 
as small as 0.2 ml can be used with a limiting detectable concentration 
of 2.5 X lo-* M for retinol. 


Keyphrases Vitamin A-fluorometric determination in rat serum 
Retinol, all-trans-fluorometric determination in rat serum 0 Fluo- 


rometry-determination of all-trans retinol in rat serum 


Vitamin A (all-trans retinol) is well known for its im- 
portance in general growth, the growth and differentiation 
of epithelial tissues, visual function, and reproduction 


(1-4). A number of retinoids prevent or inhibit the growth 
of epithelial tumors (5-9). As early as 1926, it had been 
noticed that vitamin A deficiency leads to  carcinomas in 
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the stomach of rats (10) and later to hyperkeratosis of the 
skin and to metaplastic changes in epithelia of the GI, 
respiratory, and urogenital tract (11-14). 


In the late 1960's, several scientists showed that the 
induction of benign and malignant epithelial tumors in 
animals could be retarded or even prevented by systemi- 
cally applied retinol or retinol palmitate (5,6). The use of 
these compounds for cancer chemoprevention was re- 
viewed previously (15,16). These nutritional surveys and 
cancer prevention studies required a method for measuring 
micromolar to nanomolar amounts of retinol in small 
volumes of serum, a method whereby numerous analyses 
could be performed without undue analytical time. For 
these reasons, there is an intense search for exact, sensitive, 
and simple methods for determining retinol in biological 
material. 


The innate sensitivity and speed of fluorescence mea- 
surements as an analytical technique have been demon- 
strated (17-26). However, current methodology is still not 
as sensitive as some recently reported high-pressure liquid 
chromatographic (HPLC) procedures (27-31). The present 
paper reports an improved fluorometric assay for retinol 
in rat serum that is more sensitive than reported methods 
and compares favorably with HPLC procedures. 


EXPERIMENTAL 


Apparatus-All fluorescence measurements were made with a fluo- 
rescence spectrophotometer' equipped with an r-y recorder. Quartz cells 
of a 1-cm light path were used. Daily variation in instrumental response 
was corrected with a dilute quinine bisulfate standard solution (5 X 
M in 0.1 N HzS04). 


Since organic solvents were found to extract fluorescent substances 
from plastic caps, tubes, and bottles (25), a glass apparatus was used 
during all analytical manipulations. Glass culture tubes2 were used to 
collect serum samples and extract retinol from serum. 


A high-speed centrifuge3 was used for centrifugation, and a vihrating 
mixer4 was used for mixing and extraction. 


Reagents and Solutions-Retino15 (all-trans, crystalline, synthetic 
Type X) and retinyl acetate5 (all-trans, crystalline, synthetic Type I) were 
used as received. Solid samples were stored at  -loo under nitrogen and 
protected from light. All solvents were the highest grade commercially 
available; they were checked for fluorescent impurities before use. A 
buffer solution (p = 0.15, pH 7.4) was prepared from analytical grade 
monobasic sodium phosphate6, dibasic sodium phosphate, and distilled, 
deionized water. 


Standard Solutions-Sufficient retinyl acetate was weighed into a 
10-ml amber volumetric flask and dissolved in 10 ml of acetonitrile to 
yield a standard stock solution (-1 X M). Serial dilutions of this 
solution yielded working standard solutions with concentrations ranging 
from 1 X to 1 X 10W M. All solutions were stored at  -loo and pro- 
tected from light. The purity of the solutions was checked by comparing 
their absorption spectra with their corrected fluorescence excitation 
spectra. Retinyl acetate was used as a standard because it has long been 
accepted as a standard for retinol determination by fluorometric analysis. 
The reported quantum efficiencies for each compound are identical, and 
the stability of retinol acetate solutions is much better (32-34). All ex- 
perimental manipulations were conducted under yellow light and in 
amber glassware. 


Solvent Pair Selections-A water-miscible-water-immiscible solvent 
pair was selected based on the following criteria. 


1. The fluorescence of retinyl acetate in 14 nonpolar and nine polar 
solvents was examined. 


2. The nonpolar solvents were used to extract blank rat serum to detect 


Model MPF-44A, Perkin-Elmer, Norwalk, CT 06856. 


Vari-HI Speed Centricone, Precision Scientific Co., Subsidiary of GCA Corp., 


Super-Mixer, Lab-Line Instruments, Melrose Park, Ill. 
Sigma Chemical Co., St. Louis, MO 63178. 
J. T. Baker Chemical Co., Phillipsburg, NJ 08865. 


* Type 9825,16 X 100 mm, Pyrex, Corning Glass Works, Corning, N.Y. 


Chicago, Ill. 
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Figure 1-Serum retinol blood profiles obtained from two rats after a 
single oral dose of 10 mg of retinyl acetatelkg. All points were corrected 
for blank fluorescence. 


extractable, fluorescent serum components. The nonpolar solvents were 
carbon tetrachloride, chloroform, methyl chloride, methylene chloride, 
ethylene dichloride, tetrachloroethXlene, n-pentane, n-hexane, n -hep- 
tane, cyclohexane, ethyl acetate, octanol, benzene, and toluene. The polar 
solvents were dimethyl sulfoxide, acetonitrile, dimethylformamide, 
formamide, ethylene glycol, water, methanol, ethanol, and dioxane. 


3. Various ratios of polar solvent to water-diluted serum were exam- 
ined with regard to decreasing the quantity of endogenous serum com- 
ponents extracted into the nonpolar solvent. For these comparisons, the 
serum was spiked with retinoid, diluted with water, and then diluted 
further with the polar solvent. The resulting aqueous solution was ex- 
tracted with the nonpolar solvent. 


Serum-Male and female rats7 (3WOO g) were fasted for 19 hr before 
sacrifice. After the animal was anesthetized with ether, the rib cage was 
cut open to expose the heart. Total exsanguination from the left ventricle 
was accomplished with a 10-ml disposable plastic syringe. Approximately 
10 ml of blood was obtained from each rat. The serum was obtained after 
centrifugation at  2500 rpm for 10 min in a glass culture tube. 


The native fluorescence of the serum extracts was examined by mixing 
0.2 ml of serum with 0.2 ml of phosphate buffer. To this mixture was 
added 2 ml of acetonitrile. After mixing, 2 ml of cyclohexane was added 
and shaken by a vibrating mixer for 30 sec. After this mixture was cen- 
trifuged at  2500 rpm for 5 min, the cyclohexane layer was removed for 
direct fluorometric measurement. The fluorescence intensity of each 
sample was measured at the excitation maximum of 327 nm and the 
emission maximum of 480 nm. This procedure was repeated with 15 
different rat serum samples without drug. The average fluorescence in- 
tensity measured from these 15 blank serum samples was used as the 
blank. 


Buffer and serum samples (0.2 ml) spiked with varying concentrations 
of retinyl acetate were extracted in the same manner as the blank serum 
extracts. Second extractions of the spiked samples were performed by 
adding 2 ml of cyclohexane to the aqueous mixture from which the first 


Sprague-Dawley strain, Hiram Davis Co., Stockbridge, Ga. 
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Table I-Comparison of Fluorescence Excitation Intensity as a 
Function of Different Acetonitrile-Aqueous Serum Sample 
Ratios of Retinyl Acetate Extracted by 2 ml of Cyclohexane 
from Spiked Rat Serum 


~~ 


Net Relative 
Fluorescence 


Excitation Intensity of 
Cyclohexane Layer Acetonitrile- 


Rat Serum (m1)-Water (Aex 327; A,, 480), Aqueous Serum 
(ml) + Acetonitrile (ml) arbitrary units Samde 


0.2:0.2 t 0 
0.2:o t 0.2 
0.2:o + 2 
0.2:o + 1 
0.20.2 t 2 
0.4:0.2 + 2 
0.60.2 + 2 
0.8:0.2 + 2 


54.0 0 
54.0 1:l 
57.3 LO.09 
54.0 1:0.17 
62.3 1:0.17O 
61.4 k0.23 
60.3 L0.29 
57.0 1:0.33 


a Optimum solution conditions. 


cyclohexane layer had been removed. Since the fluorescence intensity 
of the second sample extract was the same as that of the blank, the fluo- 
rescence intensity of each sample recorded was from the first extract. 


In uivo experiments were performed using three sets of four rats each, 
administered a 2-, 4-, or 10-mg/kg dose of retinyl acetate by stomach 
intubation. Each dose was prepared by dissolving an appropriate quantity 
of drug in ethanol. Before drug administration, each rat was fasted for 
19 hr. The blood was withdrawn from the heart 2 hr postadministra- 
tion. 


Two more rats with body weights of 390 g were given 10 mg/kg of retinyl 
acetate orally. Blood samples of each rat were withdrawn from the tail 
at 0,1,2,3,4.5,6,  and 9 hr. All samples were centrifuged, and the serum 
was removed and kept frozen until assayed (Fig. 1). 


RESULTS AND DISCUSSION 


Cyclohexane-acetonitrile was the best solvent pair when acetonitrile 
was added to the water-diluted serum samples (1:l) so that the final ratio 
of acetonitrile to aqueous sample was 1:0.17. The validity of using these 
proportions was checked (Table I). Methanol and ethanol also can be used 
as the water-miscible component aa reported previously (22, 25, 35). 
However, they did not decrease the cyclohexane extraction of endogenous 
fluorescent substances in the serum as well as did acetonitrile. The other 
water-miscible solvents did not demonstrate this effect, the mechanism 
of which is not known. However, it appears to be a specific solvation effect, 
dependent on the solvent concentration as well as on the water concen- 
tration in the final solution (Table I). Simple dilution of the serum sample 
with water, with no acetonitrile added, resulted in a lower fluorescence 
intensity than under optimum conditions. Dilution with acetonitrile 
produced the same result. Sample fluorescence was maximized only after 
dilution with both acetonitrile and water in the given proportions. 


Standard curves were constructed at six concentration points for retinol 
in (a) cyclohexane, ( b )  cyclohexane-extracted phosphate buffer, and ( c )  
cyclohexane-extracted serum. Curves a-c were linear from 2.5 X 
to 1.0 X M. For a and b ,  each point was the mean of three determi- 
nations; for c ,  each point was the mean of 15 determinations. The cor- 
relation coefficients were 0.9998, 0.9997, and 0.9995 for a-c, respec- 
tively. 


The extraction efficiencies of retinyl acetate from buffer solution and 
serum were 97.1 f 1.2 and 91.4 f 2.9%, respectively (mean f SD).  The 
results clearly show that a standard curve of this agent in cyclohexane- 
extracted buffer should not be used for extracted serum samples without 
a correction factor. Therefore, fluorometric procedures that do not in- 
clude a correction factor will consistently report lower concentration 
values than are really present (22-26). 


The procedure reported in this study is at least 10-fold more sensitive 
than current fluorometric procedures (22-26). However, sample volume 


Table 11-Rat Serum Concentrations of Retinol Obtained 2 hr 
after a Single Oral Dose of Retinyl Acetate 


Dose, Number of Rats and Serum Concentration X lo7 M 
w / k g  Total Samples (mean f SO) 


2 4 and 16 4.1 f 0.9 
4 4 and 16 7.6 f 1.1 


10 4 and 20 7.3 f 1.0 


and precision are essentially the same with both fluorometric and HPLC 
procedures now in use (22-26,28-31). The method is applicable to bio- 
availability and pharmacokinetic studies, a6 demonstrated by the data 
in Fig. 1 and Table 11. 


The mean serum retinol concentration in 12 rats (52 samples) 2 hr after 
a single oral dose of retinyl acetate is shown in Table 11. The data indicate 
a nonlinear correlation between dose and serum concentration. A 4-mg/kg 
dose produced a serum concentration nearly equal to that of the lO-mg/kg 
dose. An analysis of variance on the mean serum concentrations in Table 
11, using a Student procedure, showed that if the mean values differed 
by 1.82 X lod7 or more, then they were different ( p  I 0.05). Therefore, 
since oral doses of 4 and 10 mg/kg produced the same serum retinol 
concentration, a dose-dependent saturation of some part of the absorp- 
tion or metabolic network may be occurring. 
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Abstract A normal-phase high-performance liquid chromatographic 
separation for pilocarpine and isopilocarpine was developed which is 
suitable for the routine analysis of ophthalmic preparations. The method 
utilizes a column packed with 5 - ~ m  silica with a mobile phase of hex- 
ane-2% ammonium hydroxide in 2-propanol (7030). Peak detection is 
by UV a t  220 nm. It is suggested that a partition separation mechanism 
is involved rather than adsorption. A separation factor (a) of 1.17 was 
obtained with a relative separation (R,) of 2.13. Column lifetimes were 
typically 6-8 months with daily use. Several standard pilocarpine-iso- 
pilocarpine mixtures and five commercially available ophthalmic solu- 
tions from different manufacturers were analyzed. The method was 
specific for pilocarpine and isopilocarpine in the presence of each other 
and pilocarpic acid and is a significant improvement over the nonspecific 
colorimetric methods of analysis. 


Keyphrases 0 Pilocarpine-high-performance liquid chromatographic 
analysis in the presence of isopilocarpine, ophthalmic solutions Iso- 
pilocarpine-high-performance liquid chromatographic analysis in the 
presence of pilocarpine, ophthalmic solutions High-performance liquid 
chromatography-separation of pilocarpine and isopilocarpine, oph- 
thalmic solutions 


Pilocarpine, a widely used alkaloid, possesses several 
important pharmacological properties. For example, it is 
a miotic and lowers intraocular pressure. The major oph- 
thalmic application of pilocarpine has been for the treat- 
ment of glaucoma. The structure of pilocarpine is well es- 
tablished and contains both an imidazole and a lactone. 


In aqueous solution, pilocarpine (I) decomposes through 
two major pathways, which are both base catalyzed 
(Scheme I). The lactone ring can undergo hydrolysis, re- 
sulting in the formation of pilocarpic acid (II), or epimer- 
ization can occur at the a-carbon to form isopilocarpine 
(111). Both pilocarpic acid and isopilocarpine are essentially 
pharmacologically inactive (1,2). 


BACKGROUND 


Analytical methods to measure the extent of pilocarpine degradation 
in ophthalmic medications have been published, but most cannot dif- 
ferentiate between pilocarpine and isopilocarpine. For instance, the USP 
method for determining pilocarpine is a colorimetric assay based on the 
formation of hydroxamic acid (3). Since the moiety responsible for pro- 
ducing color is an intact lactone ring, the assay can distinguish between 


pilocarpine and pilocarpic acid but not between pilocarpine and isopi- 
locarpine (4). This flaw is serious since recent studies indicated that the 
primary degradation product of pilocarpine is not pilocarpic acid but ita 
diastereomer, isopilocarpine (4). 


Several techniques have been investigated to produce an analytical 
separation of pilocarpine and isopilocarpine. Some of the published 
methods include TLC (5), NMR (6-9), IR spectroscopy (lo), GLC (8, ll), 
and polarimetry (12, 13). However, most of these separations are not 
suitable for development into a routine analysis. The reported TLC 
separation is questionable and could not be duplicated by one investigator 
(10); the NMR analysis requires an expensive 100-MHz instrument (10); 
IR analysis gives poor results when one diastereomer predominates (lo), 
which is usually the case in ophthalmic solutions; and GLC requires 
derivatization prior to analysis, which makes multiple-sample runs too 
time consuming. Of these techniques, only polarimetry seems to have 
practical value. In fact, a UV-optical rotation analysis has been used 
successfully by this laboratory for several years'. 


The UV-optical rotation method requires elaborate sample prepara- 
tion and is tedious in actual practice. An analytical procedure such as 
high-performance liquid chromatography (HPLC), which minimizes 
sample preparation and retains a high separation capability, would be 
highly desirable, and several HPLC separations of pilocarpine and iso- 
pilocarpine have been reported. Initially, ion-exchange columns packed 
with cation-exchange resins2 were used with UV peak detection a t  217 
nm (4). Unfortunately, these HPLC systems gave variable peak retention 
times and generally produced erratic results (10,141. 


Khalil(15) reported an HPLC analysis for pilocarpine using an octa- 


OH' I""' 


See B. S. Scott, D. L. Dunn, and E. D. Dorsey, J.  Pharm. Sci., in press. 
Aminex A-7 (7-11 pm), Bio-Rad Laboratories. 
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Table I-Pilocarpine Hydrochloride Analysis of Standard Mixtures 


Pilocarpine Isopilocarpine Pilocarpine 
Hydrochloride, Nitrate, Peak Height, 


mg/ml mg/ml cm 


1.12 0.080 8.95 
1.12 0.080 9.00 
1.36 0.080 10.95 
1.36 0.080 11.00 
1.60 0.080 12.85 
1.60 0.080 12.85 
1.84 0.080 14.65 
1.84 0.080 14.65 
2.08 0.080 16.75 
2.08 0.080 16.75 


Peak Height/ 
Concentration, 


cm/mg/ml 


7.99 
8.04 
8.05 
8.09 
8.03 
8.03 
7.96 
7.96 
8.05 
8.05 


Pilocarpine 
Hydrochloride 
Concentration 
Found”, mg/ml Recovery, TO 


1.12 100.0 
1.13 100.9 
1.37 100.7 
1.38 
1.61 
1.61 
1.84 
1.84 
2.10 
2.10 


ioi.5 
100.6 
100.6 
100.0 
100.0 
101.1 
101.1 


a A standard contailling 1.60 mg of pilocarpine hydrochloride/ml was used to calculate these concentrations. 


Table 11-Isopilocarpine Nitrate Analysis of Standard Mixtures 


Isopilocarpine 
Pilocarpine Isopilocarpine Isopilocarpine Peak Height/ Nitrate 


Hydrochloride, Nitrate, Peak Height, Concentration, Concentration 
mg/ml mg/ml cm cm/mg/ml Found 4,  mg/ml Recovery, % 


1.61 0.0367 2.45 66.75 0.0367 100.0 
1.61 0.0367 2.45 66.75 0.0367 100.0 
1.61 0.0735 4.90 66.67 0.0735 100.0 
1.61 0.0735 4.80 65.31 0.0720 98.0 
1.61 0.1102 7.25 65.79 0.1087 98.6 
1.61 0.1102 7.25 65.79 0.1087 98.6 


1.61 0.1470 9.70 65.99 0.1454 98.9 
1.61 0.1837 12.30 66.96 0.1844 100.4 


1.61 0.1470 9.80 66.67 0.1469 99.9 


a A standard containing 0.1102 mg of isopilocarpine nitratdm1 was used to calculate these concentrations. 


decylsilane3 and cyan~propylsilane~ column in series. However, no sep- 
aration of isopilocarpine was demonstrated, and UV peak detection was 
at  254 nm. Since neither pilocarpine nor isopilocarpine absorb appre- 
ciably at  254 nm, this procedure seems questionable. More recently, a 
system using a noncommercial octadecylsilane column5 with refractive 
index detection was reported (14). With commercially available columns 
and UV detection at  215 nm, the separation between pilocarpine and 
isopilocarpine was insufficient for a good analytical procedure. 


An HPLC separation for pilocarpine and isopilocarpine is discussed 
here; a commercially available silica columns with UV peak detection at  
220 nm is used. This normal-phase system was satisfactory for the routine 
analysis of pilocarpine or isopilocarpine in ophthalmic solutions. Data 
are included to demonstrate that the procedure gives a linear response 
and is specific. The actual analysis of five ophthalmic products from 
different manufacturers is presented, and several methods of pilocarpine 
analysis are compared. 


EXPERIMENTAL 


Reagents and Solvents-Pilocarpine hydrochloride USP and isopi- 
locarpine nitrate7 (reagent grade) were used without further purification. 
H e x a d  was UV grade; 2-propanoP, methanol8, and ammonium hy- 
droxide were reagent grade. 


Equipment-A liquid chromatograph equipped with a high-pressure 
pump9, a variable-wavelength UV detectorlo, a fixed-loop injector”, and 
a strip-chart recordeP was used with a 25-cm X 4.6-mm i.d. column 
packed with 5-pm silica6. No precolumn was used. 


Mobile Phase-Concentrated ammonium hydroxide (10.0 ml) was 
diluted to 500 ml with 2-propanol. This 2% ammonium hydroxide solution 
(300 ml) was mixed with hexane (700 ml) and filtered through a 0.5-pm 
filter13 before use. 


3 pBondapak Cl8 (10 pm), Waters Associates. 
4 pBonda ak CN (10 pm), Waters Associates. 


rhe paciing material was LiChrosorh RP-18 (10 pm), E. Merck 
Si 60 Hibar (5 pm), E. Merck. 
Aldrich Chemical Co. 
Burdick & Jackson “Distilled in Glass”. 
M-6000A, Waters Associates. 
Model SF 770, Schoeffel Instruments. 


Omniscrihe model A5111-1, Houston Instruments. 
11 Model 710A. Rheodyne. 


13 Fluoropore, Millipore Corp. 


HPLC Analysis Conditions-The mobile phase was pumped through 
the column at a flow rate of 2.0 ml/min. UV detection was at 220 nm, and 
the attenuation used for isopilocarpine analysis was four times more 
sensitive than for pilocarpine analysis. The injection size was 10 pl for 
pilocarpine and 20 pl for isopilocarpine. The plate count for the silica 
column, determined at  a chart speed of 1.27 cm/min with a 1.60-mg/ml 
pilocarpine hydrochloride solution, was 8oOO plates/m14. After completion 
of the analysis, hexane was pumped through the silica column prior to 
storage. 


Preparation of Standard Solutions-The following methanol 
dilutions were made with a pilocarpine hydrochloride or an isopilocarpine 
nitrate stock solution: 


1. Pilocarpine standard curve-five samples were prepared over the 
concentration range of 1.12-2.08 mg of pilocarpine hydrochloride/ml. 
Each solution also contained 0.080 mg of isopilocarpine nitrate/ml. 


2. Isopilocarpine standard curve-five samples were prepared over 
the concentration range of 0.037-0.184 mg of isopilocarpine nitrate/ml. 
Each solution also contained 1.61 mg of pilocarpine hydrochloride/ml. 


Preparation of Commercially Available Ophthalmic Prod- 
ucts-Aliquots of each sample were pipetted accurately into separate 
volumetric flasks and diluted with methanol to obtain a final concen- 
tration of -1.6 mg of pilocarpine hydrochloride/ml. The resulting solu- 
tions were injected directly into the liquid chromatograph. The concen- 
tration of pilocarpine or isopilocarpine then was determined by com- 
paring the sample peak height with the peak height of a pilocarpine or 
isopilocarpine standard, respectively. 


RESULTS AND DISCUSSION 
Standard solutions containing pilocarpine and isopilocarpine in the 


ratio of about 19:l were prepared and analyzed (Tables I and 11). This 
pilocarpine to isopilocarpine ratio corresponds to what would be expected 
from the analysis of an actual ophthalmic solution. By using the nor- 
mal-phase HPLC system described under Erperirnenta!, pilocarpine 
eluted at  -16 min and isopilocarpine eluted at  -20 min. 


Pilocarpine and isopilocarpine had capacity factors ( K ’ )  of 12.07 and 
14.13, re~pectively’~. These factors correspond to a separation factor (a) 


~~ ~~ ~~ 


Theoretical plates per meter (N) = 16 (T/Tu,)2(100/L), where T is the retention 
time of pilocarpine, T, is the peak width of pilocarpine measured along the baseline, 
and L is the column length in centimeters (16). 


Is An injection of carbon tetrachloride was used to determine the elution time 
of a nonretained sample (i .e. .  To). 
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Table 111-Determination of Pilocarpine and Isopilocarpine in Various Commercial Pilocarpine Ophthalmic Solutions 


Pilocarpine Analysisa, % Isopilocarpine Analysis’, % 
UV-Optical UV-Optical 


Manufacturer Concentration, Salt HPLC USP * RotationC HPLC RotationC DH 


2%, HCl 101,100 100, 98 99, 98 0.7,0.8 0.0,0.8 3.75 
2%, HCl 98, 99 99, 99 97, 99 0.9, 1.0 0.0, 1.0 3.63 
2%, HN03 94, 95 127, 128d 105, 108d 1.2,1.2 0.0,4.0 4.50 
1%, HC1 94, 96 95, 96 96, 95 1.4,1.4 2.7,4.4 4.22 
2%, HCl 102,101 103,104 99,100 3.7,3.6 3.7,3.9 4.16 


a Percent labeled amount of pilocarpine salt. The current USP method for pilocarpine analysis is reaction with hydroxylamine to form hydroxamic acid and subsequent 
This sample contained polyvinyl alcohol, which caused noticeable positive colorimetric analysis. B. S. Scott, D. L. Dunn, and E. D. Dorsey, J. Pharrn. Sci., in press. 


interference when analyzed by the USP and UV-optical rotation methods. 


of 1.17. Since a is 11.20, this separation can be classified as “moderately 
difficult” using Snyder and Kirkland’s terminology (16). This finding 
is not surprising since only subtle polarity differences exist between the 
two diastereomers. A relative separation (R,) of 2.13 was calculated16, 
which means a quantitative separation suitable for an analytical proce- 
dure was obtained (16). Typical chromatograms are given in Figs. 1 and 
2. 


The average recoveries obtained for the analysis of pilocarpine and 
isopilocarpine standards were 100.7 and 99.470, respectively. These values 
indicate that the method is specific for each diastereomer in the presence 
of the other. In addition, a plot of concentration versus peak height gave 
a linear curve that intercepted the origin. A least-squares analysis of the 
data in Tables I and I1 yielded a correlation coefficient of 0.9997 and a 
y intercept of 0.02 cm for the pilocarpine analysis. For the isopilocarpine 
analysis, the correlation coefficient was 0.9998 and the y intercept was 
-0.04 cm. The use of peak areas instead of peak heights to measure re- 
sponse might possibly produce more accurate results. However, a suitable 
integrator was not available, and peak height measurements gave ac- 
ceptable recoveries and standard curve statistics for a routine anal- 
ysis. 


A pilocarpic acid sample was prepared using a previously described 
method (14, 15). Pilocarpine hydrochloride was subjected to basic hy- 
drolysis, neutralized, and injected directly into the liquid chromatograph. 
No peak for pilocarpic acid was observed after 60 min. Therefore, analysis 
of carpic acids (i.e., pilocarpic acid and isopilocarpic acid) requires an- 
other technique, such as UV spectroscopy, which can determine the total 
imidazole present (i.e., pilocarpine, isopilocarpine, pilocarpic acid, and 
isopilocarpic acid). After pilocarpine and isopilocarpine analysis, total 
carpic acids then may be found by taking the difference. 


Five different manufacturers’s commercially available pilocarpine 
ophthalmic solutions were analyzed for pilocarpine and isopilocarpine 
content (Table 111). These solutions contained excipients usually found 
in ophthalmic formulations, such as benzalkonium chloride, chlorobu- 


I 


L 
5 15 25 


MINUTES 


Figure 1-Typical chromatogram 
for pilocarpine (I) analysis in a 
1.60-mglml pilocarpine hydro- 
chloride solution containing -3% 
isopilocarpine nitrate (III). 


~~ 


l6 R, = 2(T2 - T~)/(T,,,I + Twz),  where 7’1 is the retention time of pilocarpine, 
7’2 is the retention time of isopilocarpine, T,, is the peak width of pilocarpine 
measured along the baseline, and T w ~  is the peak width of isopilocarpine measured 
along the baseline (16). 


tanol, edetate disodium, sodium acetate, citric acid, boric acid, menthol, 
camphor, and hydroxypropyl methylcellulose. The USP colorimetric 
analysis for pilocarpine was compared to the normal-phase HPLC 
analysis and the W-optical rotation analysis. This latter method is based 
on the difference in optical rotation shown by pilocsrpine and isopilo- 
carpine, and details will be published elsewhere’. 


Excipient interference was noticed in only one sample, which contained 
polyvinyl alcohol (Manufacturer 3, Table 111). Accurate analysis of this 
sample was difficult using the USP method. Less interference was noted 
with the UV-optical rotation method, but the HPLC analysis seemed 
to be completely unaffected. With this one exception, all three pilocarpine 
analyses gave similar results. The isopilocarpine analysis by HPLC 
ranged from 0.7 to 3.7% of the labeled pilocarpine concentration. In 
general, there appeared to be a higher isopilocarpine content in more basic 
solutions. This relationship was observed previously (10). 


Attempts to improve the HPLC analysis by increasing resolution and 
decreasing the retention time were unsuccessful. Mobile phases con- 
taining other alcohols, such as methanol, ethanol, or 2-methyl-1-propanol, 
did not give a comparable separation. Since the silica columns used daily 
for this analysis had quite remarkable lifetimes (6-8 months with daily 
use) considering the mobile phase contained 30% 2-propanol, the sepa- 
ration probably is due to a partition mechanism rather than adsorption. 
2-Propanol molecules theoretically could be adsorbed on the polar silica 
sites to form a stationary organic phase. Pilocarpine and isopilocarpine 
then could be partitioned differently between the mobile phase and the 
stationary organic phase. This process would explain why other alcohols 
were not as satisfactory as 2-propanol. 


Silica columns containing 10-pm particles instead of 5-pm particles 
can be used for pilocarpine analysis but not isopilocarpine. In general, 
10-pm columns operate a t  much lower pressures than 5-pm columns. This 
operation allows higher flow rates and shorter retention times. Unfor- 
tunately, a corresponding decrease in resolution also is observed. 


During initial development of the analysis, UV peak detection was at 
230 nm but was changed to 215 nm because of a corresponding increase 
in peak height of 100%. Detection was finally increased to 220 nm to re- 
duce noise and to stabilize the baseline, causing only a 5% decrease in peak 


I 


F i b r e  2-Typical chromatogram 
far isopilocarpine (III) analysis in 
a 1.6O-mg/ml pilocarpine hydro- 
chloride (I)  solution containing 
-3% isopilocarpine nitrate. 


5 . 1.5 . 25 
MINUTES 
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height. Since the nitrate ion absorbs a t  this wavelength, an injection of 
isopilocarpine nitrate solution gave an extra peak a t  -40-50 min after 
injection, presumably due to ammonium nitrate elution. This peak can 
be avoided, if desired, by first passing the isopilocarpine nitrate sample 
through an ion-exchange column to replace the nitrate ion with a UV 
inactive ion. 
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Abstract The LwRiegelman method was applied to serum amikacin 
level data after intravenous and intramuscular administration. Intra- 
muscular amikacin absorption can be described by first-order kinetics, 
but the absorption rate constant decreased from 1.95 hr-’ a t  a 125-mg 
dose to 1.00 hr-l at  a 750-mg dose. This rate change apparently is a 
physical phenomenon due to differing dosing volumes at  different doses 
and attendant changes in the surface area to volume ratio at  the injection 
site. Amikacin absorption rates on intramuscular injection can be max- 
imized by giving several smaller injections rather than a single larger 
injection. This phenomenon should be generally observed with amino- 
glycoside antibiotics and could he partly responsible for reported varia- 
tions in absorption rate and the poor predictability of serum concentra- 
tions. 


Keyphrases 0 Aminoglycosides-effect of dosing volume on intra- 
muscular absorption rate Absorption, intramuscular-aminoglyco- 
sides, dosing volume effects 0 Amikacin-intramuscular absorption 
rates, dosing volume effects 


In a review of the clinical pharmacokinetics of amino- 
glycoside antibiotics, Pechere and Dugal (1) referred to 
reports of wide intramuscular absorption rate variations 
within and between studies and antibiotics. They com- 
mented: “In view of the fact that rates of absorption vary 
widely, nomograms based on equations which make use 
of a universal absorption rate constant should be critically 
examined. This, incidentally, may be partly responsible 
for the poor predictability of serum aminoglycoside con- 
centrations noted by some authors.” According to 
Greenblatt and Koch-Weser (2), nonlinear intramuscular 
absorption may be fairly common because local and sys- 
temic factors that influence the absorption rate rarely re- 
main constant while absorption is taking place. 


In this study, available intravenous and intramuscular 
amikacin data were used to estimate intramuscular ab- 


sorption kinetics of an aminoglycoside antibiotic. Since the 
data were derived from separate studies, mean values were 
used for the pharmacokinetic parameters and intramus- 
cular serum levels. A crossover intravenous-intramuscular 
amikacin study at 125- and 500-mg doses was reported, but 
no estimates of the intramuscular absorption kinetics were 
made (3). 


EXPERIMENTAL 


The data analyzed were drawn from three Phase I amikacin clinical 
investigations (Studies 1,2, and 7). The subjects in all three studies were 
normal, healthy adult males ranging from 21 to 40 years and from 60 to 
90 kg. 


In Study 7,7.5 mg/kg was administered intravenously as 5-, 30-, and 
60-min infusions. Six subjects received both the 30- and 60-min infusions, 
according to a balanced crossover design, into an antecubital vein using 
an infusion pump’. Six other subjects received the 5-min infusion as a 
push injection into an antecubital vein. 


In Studies 1 and 2, amikacin was administered into the right or left 
superior lateral gluteal quadrant. In Study 1,12 subjects each received 
250- and 500-mg doses; some results were previously published (4). In 
Study 2, three subjects each received 125, 250-, 500-, or 750-mg doses. 


Blood samples were collected for serum preparation, and serum sam- 
ples were analyzed for amikacin content using a standard cup plate 
hioassay (5) with Bacillus subtilis (ATCC 6633) as the bioassay organism. 
The minimum quantitative sensitivity of the assay was 0.06 pg/ml. 
Typically, an analysis of variance of the regression slope of the standard 
response line (zone diameter uersus log concentration) yielded F (1,3) 
= 240. 


Mean postinfusion intravenous data were fitted to the hiexponential 
equation for an open, two-compartment model of drug distribution with 
central compartment elimination only: 


C = A‘ exp(-at’) + B’ exp(-Pt’) (Eq. 1) 


Model 940, Harvard Instrument Co., South Natick, Mass. 
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Abstract 0 A general method of analysis of anthracycline concentrations 
was developed. Drug is extracted from plasma with organic solvent and 
separated from metabolites by high-pressure liquid chromatography on 
an aminocyanosilica column. Detection and quantitation are by the en- 
dogenous fluorescence of compounds having an intact tetracyclic ring 
structure. Limits of sensitivity are 5,1, and 5 ng/ml of plasma for doxo- 
rubicin, carubicin, and marcellomycin, respectively. The assay can be 
used for studying the aldo-keto reductase and reductive glycosidase re- 
actions with anthracyclines as the substrates and for the evaluation of 
the clinical pharmacology or pharmacodynamics of various doxorubicin 
analogs. 


Keyphrases 0 Anthracyclines-doxorubicin, carubicin, daunorubicin, 
and marcellomycin, high-pressure liquid chromatographic analysis, dog 
plasma 0 High-pressure liquid chromatography-analysis of doxoru- 
bicin, carubicin, daunorubicin, and marcellomycin in dog plasma 0 
Antineoplastic activity, potential-high-pressure liquid chromatographic 
analysis of anthracyclines in dog plasma, doxorubicin, carubicin, dau- 
norubicin, and marcellomycin 


Doxorubicin (adriamycin) is the best known of several 
hundred characterized anthracyclines. It has a broad 
spectrum of activity, so it is widely used in cancer therapy. 
However, because of significant acute and chronic toxici- 
ties, there is a constant search for active anthracyclines 
with less severe or less frequent adverse effects. 


Several anthracycline analogs have reached the clinical 
stage of development. Daunorubicin (daunomycin, ceru- 
bidine), for example, was shown to be useful in the treat- 
ment of leukemia (1) and is now commercially available. 
Carubicin (carminomycin), an anthracycline that was 
developed and clinically tested in the Soviet Union (2), is 
being evaluated in the United States and Europe. Aclaci- 
nomycin A, a drug from Japan, is being evaluated in Eu- 
rope (3) and tested clinically in the United States. Another 
anthracycline, marcellomycin, appears to be relatively 
nontoxic to white cells in animals (4) and is now under- 
going toxicity studies in preparation for clinical testing. 


A simple, rapid, inexpensive method qf analysis of an- 
thracycline concentrations in biological fluids is needed 


not only for comparative studies of pharmacokinetics and 
pharmacodynamics but also for the clinical monitoring of 
patients receiving doxorubicin analogs. A method for de- 
termining parent drug concentrations for various an- 
thracyclines including doxorubicin, daunorubicin, caru- 
bicin, and marcellomycin has been developed. The method 
employs drug extraction with an organic solvent followed 
by high-pressure liquid chromatography (HPLC) with 
fluorescence detection. In uitro enzyme studies and in uiuo 
pharmacokinetic investigations can be performed using 
this assay. 


EXPERIMENTAL 


Reagents and Drugs-Purified doxorubicin’, daunorubicin’, caru- 
bicin2, marcellomycin2, rudolphomycin2, and aclacinomycin A2 were used 
for assay development. Clinical grade doxorubicin3 and carubicin* were 
used in animal studies. Adriamycinol and daunorubicinol were obtained 
by reduction of the parent compound with aldo-keto reductase according 
to the procedure of Felsted et al. (5). Carminomycinol was prepared by 
borohydride reduction according to a modified procedure of Povarov et 
al. (6). 


Aglycones were prepared by acid hydrolysis a t  elevated temperature 
(7). Deoxyaglycones of doxorubicin and adriamycinol were produced by 
reaction of the parent compound with microsomal enzymes in the pres- 
ence of reduced nicotinamide-adenine dinucleotide phosphate (NADPH) 
under anaerobic conditions (8). Solvents were reagent grade or better, 
and degassing was not necessary. Water was glass distilled. 


Instruments-Volume measurements were made with automatic 
pipetsd. The high-pressure liquid chromatograph included an injection 
port5 and a single-piston pump6 with electronic damping. The column 
(25 cm X 4.6 mm i.d.) was packed with 10-pm aminocyanosilica’. The 
detection unit consisted of a filter-type fluorometers with an emission 
filter of bandwidth 560-570 nm and an excitation filter of bandwidth 


~ ~~ ~~ 


1 Adria Laboratories, Dublin, Ohio. 
2 Bristol Laboratories, Syracuse, N.Y. 


Adriamycin, Adria Laboratories, Dublin, Ohio. 
Digital Pipetman, Rainin Instrument Co., Brighton, Mass. 
Model 7210, Rheodyne, Berkeley, Calif., or model U6K, Waters Associates, 


Model 110, Altex, Rainin Instrument Co., Brighton, Mass. 
Partisil-10 PAC, Whatman, Clifton, N.J. * Spectra-Glo, Gilson Medical Electronics, Middleton, Wis. 


Milford, Mass. 
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380-480 nm equipped with a 15-pl flowcell. Chromatograms were re- 
corded on a chart recorder with an electronic integrating channel9. 
Assay of Plasma Samples-Plasma, obtained from heparinized blood, 


was taken from storage at  -loo or colder and warmed to room temper- 
ature. Samples then were vortexed rapidly or sonicated to disperse the 
cryoprecipitate. Aliquots (1.0 ml) were transferred to 15-ml tubesl0, and 
a small volume (20 pl) of the internal standard in aqueous solution was 
added. The internal standard consisted of an anthracycline with a con- 
venient retention time that did not interfere with the peaks secondary 
to the test drug or its metabolites. Table I lists the internal standards used 
with the various test compounds. 


To each plasma sample, two volumes of chloroform-isopropanol(1:l 
v/v) solution were added. The mixture was vortexed for 20 sec, saturating 
quantities of ammonium sulfate were added, and the mixture was vor- 
texed again. The tubes were centrifuged at 2650Xg for 30 min, and the 
upper organic layer was removed and placed in clear, glass tubes. The 
organic solvent was evaporated under a nitrogen gas stream in a tem- 
perature-controlled water bath at  37O. The residue was analyzed imme- 
diately or stored at -4OO until the next day. The residues were dissolved 
in 50 pl of the mobile phase just prior to injection into the chromato- 
graph. 


The column was conditioned before the first injection of the day by 
eluting with chloroform-methanol (1:l) at  1.5 ml/min for 30 min and then 
with the mobile phase of chloroform-methanol-acetic acid-water (80 
20:23) at the operating flow rate of 3.5 ml/min for 30 min. This condi- 
tioning was reversed for the shutdown procedure, and a final wash of 100% 
methanol for 30 min at  1.5 ml/min was used. A constant flow rate of 3.5 
ml/min was maintained during analysis at a column head pressure of 
2700-4500 psi. When pressure greater than 4500 psi was encountered, 
the filter frits at the input end of the column were changed. 


Standards encompassing the range of concentrations expected from 
plasma samples were run at the beginning of each day. Standards were 
prepared by spiking pooled dog plasma with the test drug and internal 
standard and carrying them through the assay. Peak heights of the test 
drug and internal standard were compared directly without correction 
for retention time or by comparison of the area under the peaks. Peaks 
were sharp so little difference between these methods was noted. Peak 
heights were normalized by dividing the peak height by the relative gain 
of the fluorescence detector. This procedure required changing the sen- 
sitivity setting when peaks started to go off scale. 
In Vitro Metabolism Studies-Enzyme kinetic studies of dauno- 


rubicin reductase (aldo-keto reductase) and daunorubicin reductive 
glycosidase (cytochrome P-450 reductase) were performed according to 
Bachur and associates (5,8,9), except that TLC was replaced by HPLC 
separation. The method involved incubation of the substrate with re- 
duced nicotinamide-adenine dinucleotide phosphate in a suitable buffer 
with the enzyme. The product of the aldo-keto reductase reaction was 
adriamycinol when doxorubicin was the substrate. When the reductive 
glycosidase was incubated under anaerobic conditions, deoxyadriamycin 
aglycone was the product. The reaction was stopped by thorough mixing 
with n-butanol and saturating quantities of solid sodium chloride. 


An aliquot (usually 20 pl) of the butanol layer, which extracted drug 
and metabolites, was injected directly into the chromatograph. The 
normalized peak height secondary to the fluorescence of the major me- 
tabolite was expressed as a fraction of the summation of all normalized 
peak heights. This fraction was multiplied by the initial amount of sub- 
strate to give the quantity of product formed. Since the tetracyclic ring 
structure of the anthracycline remains intact following either enzymatic 
conversion, it was assumed that the molar fluorescence of the substrate 
and products was the same and that no significant quantities of nonflu- 
orescent products were formed. 


RESULTS AND DISCUSSION 


The retention times of various anthracyclines and other fluorescent 
compounds are given in Table 11. Because of slight changes in retention 
times with column maturation, authentic samples of compounds were 
sometimes injected into the column to confirm that a particular peak was 
due to the drug or metabolites and not to a spurious peak secondary to 
an unknown fluorescent plasma constituent. 


Standard curves for doxorubicin, carubicin, and marcellomycin were 
linear over the range tested when four or five concentration points were 
used. The standard curve for doxorubicin with daunorubicin (250 nglml) 


Table I-Internal Standards Used with Test Compounds in the 
Anthracycline Assay 


Test Compound Internal Standard (Concentration) 


Doxorubicin Daunorubicin (250 ng/ml) or 


Daunorubicin Doxorubicjn (250 nglml) 
Marcellom ycin Doxorubicin (400 ng/ml) 
Aclacinomvcin A Doxorubicin (400 ndmll 


carubicin (50 ng/ml) 


Car u b i c i n Doxorubicin (400 ng/ml) 


as the internal standard was linear to  1250 ng/ml with a correlation 
coefficient of 0.997 for the best-fit line. The doxorubicin curve can be 
based on the area under the peak or normalid peak heights with similar 
results. The doxorubicin-daunorubicin system was reproducible from 
day to day with an average standard curve slope of 2.54 and a coefficient 
of variation of 10% (n = 4). 


The standard curve for carubicin with doxorubicin (400 ng/ml) as the 
internal standard was linear to 50 ng/ml with a correlation coefficient of 
0.994 for five concentration points done in triplicate. The marcellomycin 
standard curve was prepared using doxorubicin (400 ng/ml) as the in- 
ternal standard and was linear to 100 ng/ml with a correlation coefficient 
of 0.991 for four concentration points done in triplicate. Standard curves 
for carubicin and marcellomycin were as reproducible as those for dox- 
orubicin. Usually standard curves were generated at  the beginning of test 
runs using three to five samples. Limits of sensitivity were 5, 1, and 5 
ng/ml of plasma for doxorubicin, carubicin, and marcellomycin, respec- 
tively. 


Plasma disappearance curves of doxorubicin and carubicin are shown 
in Fig. 1. Each curve was generated by giving the drug to a dog by rapid 
intravenous injection and obtaining plasma samples a t  timed intervals. 
Although the doxorubicin dose was 12-fold that of carubicin, plasma 
concentrations of doxorubicin at later time points were about 25 times 
higher than carubicin levels. The slopes of the terminal phases of both 
drugs in the two dogs appeared similar with half-lives of -20 hr. 


The enzyme kinetics of daunorubicin reductase and reductive gly- 
cosidase are shown in Figs. 2 and 3, respectively. The reactions were linear 
with respect to time over 15 rnin when protein concentrations were <1.5 
mg/ml for the reductase and <0.4 mg/ml for the glycosidase. A Line- 
weaver-Burk reciprocal plot for the daunorubicin reductase also is shown 
in Fig. 2. The value obtained for the K,,, of this enzyme was approximately 
the same as was reported previously (5) .  


The use of HPLC with fluorescence detection for the isolation and 
separation of anthracyclines is an established technique (10-19). Many 
methods described in the literature involve multistep extraction proce- 
dures, lack sensitivity, use expensive instrumentation, or require gradient 
elution. The method described in this paper is actually the extraction 
method used by Benjamin et al. (20) and the HPLC methodology of 
Harris and Gudauskas (11). The instrumentation was chosen on the basis 
of simplicity, reproducibility, and cost. Since fluorescence detection is 


Table 11-Retention Times for Various Anthracyclines and 
Other  Fluorescent Compounds a 


Compound Retention Time, min 


Solvent front 0.5 
Adriamycin aglycone 0.5 
Carminomycin a lycone 0.5 
Daunorubicin agfycone 0.5 
Pyrromycinone 0.5 
Quinine sulfate 0.8 
Acridine 1.0 
Aclacinomycin A 1.1 
Pyrromycin 1.7 
Bleomycin 2.0 
Marcellomycin 2.0 
Daunorubicin 2.2 
Rudolphomycin 2.2 
Carubicin 2.3 
Proflavin 2.4 
Puromycin 2.5 
Musettamycin 2.6 
Carminomycinol 3.3 
Doxorubicin 3.9 
Adriamycinol 4.5 
Quinidine sulfate 4.8 


a The column was Whatman Partisil-lO PAC, the eluting solvent was chloro- 
form-methanol-acetic acid-water (802023), and the flow rate was 3.5 ml/min. 


Linear No. 252, Serco, Deerfield, Ill. 
10 Corex, Kimble Products. 
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Figure 2-Kinetics of the aldo-keto reductase enzyme with daunorubicin as the substrate. Final concentrations in 0.5 ml were 0.05 M phosphate 
buffer (pH 7.4), 1 X M daunorubicin. Key: A, nanomoles of daunorubicinol per milligram 
of protein formed versus time; B, nanomoles of daunorubicinol formed per 15 min versus protein concentration; and C, Lineweaver-Burk reciprocal 
plot (K, = 59 pM). 
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Figure 3-Kinetics of reductive glycosidase with daunorubicin as the substrate. Final concentrations in 0.5 ml were 0.05 M phosphate bufferfpH 
7.4), 1 X M NADPH, 0-0.6 mg of proteinlml, and 1 X 10-3 M daunorubicin. Key: A, nanomoles of deoxydaunomycinone per milligram of 
protein formed versus time; and B, nanomoles of deoxydaunomycinone formed per 10 min versus protein concentration. 


not sensitive to pressure changes, the pulsation caused by the single- 
piston pump used in this system does not affect the chromatogram. 


One disadvantage of this method is that the number of samples that 
can be processed is limited to about six or seven per hour since 6-10 min 


is required between injections. However, it takes about the same time 
to develop, scrape, and quantify materials on TLC plates, and TLC of 
doxorubicin may cause artifactual metabolite concentration values (21). 
Another disadvantage is that aglycones cannot be readily quantified from 
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plasma since aglycones of the drug and metabolites are not well resolved 
and elute near the solvent front, where there are high levels of nonspecific 
fluorescence due to plasma constituents. 


Aglycone separation is not a problem in the in uitro assays since there 
are few interfering substances. Separation of aglycones from deoxy- 
aglycones can be accomplished for most anthracyclines using the ami- 
nocyanosilica column if a less polar mobile phase is used. The parent 
compound, however, will have a longer retention time under these con- 
ditions. 


Marcellomycin is an anthracycline with a three-sugar chain linked by 
a glycosidic bond to pyrromycione (22). Mussettamycin and pyrromycin 
are the di- and monosaccharides in this series, respectively. As can be seen 
from Table 11, these four anthracyclines can be separated easily by this 
system. 


The relative peak heights of test compounds compared to doxorubicin 
in this HPLC system depend on three major factors: (a )  the molar fluo- 
rescence of the compounds at  the excitation-emission bandwidths used 
in the fluorescence detector, ( b )  the extraction efficiency of the chloro- 
form-isopropanol solvent, and ( c )  the retention time of the compound. 
Since retention times of the compounds are short, there is not much 
spreading of peak widths so the third factor does not influence peak 
heights substantially. However, the other two factors are important since 
the relative fluorescence of carubicin is -2.5-3 times that of doxorubicin 
in this system. For example, 50 ng of carubicidml produces a peak height 
that is -33% of that due to 400 ng of doxorubicin/ml. This result means 
that the fluorescence due to 50 ng of carubicin is equivalent to that due 
to 132 ng of doxorubicin/ml. Since the standard curve for carubicin is 
linear, it is not necessary to determine if this greater relative fluorescence 
is due to differences in molar fluorescence or to extraction efficiency. The 
relative fluorescence of doxorubicin, daunorubicin, and marcellomycin 
appears to be comparable when these drugs are extracted from pooled 
plasma. 


The examples reported here demonstrate the usefulness and versatility 
of HPLC to anthracycline research. There is good evidence that doxo- 
rubicin toxicity can be predicted on the basis of elevated drug exposure 
or the area under the plasma concentration curve (23). If this observation 
holds for anthracycline analogs, then drug monitoring could warn against 
toxicity during early clinical trials. This HPLC system would then be 
useful in obtaining concentrations within a reasonable time with accuracy 
and reproducibility. 
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ADDENDUM TO ANTHRACYCLINE ASSAY BY HIGH- 
PRESSURE LIQUID CHROMATOGRAPHY. 
MODIFICATION OF MOBILE PHASE FOR 


AMINOCYANOSILICA COLUMNS USED FOR 
ANTHRACYCLINE ASSAY 


(Prepared by Steven D. Reich’=, Lorraine Martinez’, Walter W. Krehe12, 
and J. Robert Bider2. Received June 9,1980. Accepted for publication 
August 14, 1980.) 


High-pressure liquid chromatography (HPLC) is an efficient technique 
for the separation and quantification of anthracycline antibiotics. Various 
assay procedures have been described, including several that employ an 
aminocyanosilica column3 (1-3). Users of this column should be aware 
that a modification in the manufacturing process for the packing material 
has changed the properties of this column with respect to anthracycline 
assay. Although the change improved the uniformity of the columns 
without significantly altering retention times of standard test compounds 
or the number of theoretical plates, the affinity of the packing for an- 
thracyclines was decreased. No other problems secondary to the change 
have been reported to the manufacturer. 


Table AI-Retention Times for Several Compounds 


ComDound Retention Time, min 


Solvent front 
Acridine 
Aclacinomycin A 
Carubicin 
Quinidine sulfate 
Daunorubicin 
Puromycin 
Quinine sulfate 
Carminom y cinol 
Proflavin 
Daunorubicinol 
Doxorubicin 


1.3 
1.3 
1.3 
3.0 
3.3 
3.6 
3.6 
3.8 
4.0 
4.0 
4.8 
6.3 


0 The column was Whatman Partisil PXS 10/25 PAC (!ot 100320), the mobile 
phase was hexane-ethylene chloride-methanol-acetic acld-water (40401041), 
and the flow rate was 3.0 ml/min. 


Those columns3 manufactured prior to May 24,1979, separate doxo- 
rubicin (adriamycin), adriamycinol, adriamycin aglycones, daunorubicin, 
and daunorubicinol with a mobile phase of choloform-methanol-acetic 
acid-water (80:202:3). Columns manufactured after May 1979 (lots 
100302 ahd higher) require a modification in the mobile phase to separate 
these compounds; hexane-ethylene chloride-methanol-acetic acid-water 
(404010:4:1) a t  a flow rate of 3.0 ml/min can be used without loss of 
separation or sensitivity compared to the old system. 


To document that the new system can be used for assay of doxorubicin 
and other anthracyclines, standard curves for doxorubicin and carubicin 
(carminomycin) were prepared in plasma. Daunorubicin (50 ng/ml) and 
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Partisil-10 PAC, Whatman, Clifton, NJ 07014. 
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doxorubicin (150 ng/ml) were used as the internal standards, respectively. 
Samples were assayed according to the procedure of Averbuch et al. (3), 
except that new columns (lot 100302) were used with the hexane-ethylene 
chloride-methanol-acetic acid-water mobile phase system. The assay 
sensitivity (signal strength of >2.5 times baseline noise) was 5 and 1 
ng/ml, respectively. In both cases, the response was linear to 200 ng/ml 
(highest concentration tested). The correlation coefficient for six points 
was >O.% for both assays. Retention times for several anthracyclines and 
other fluorescent compounds were determined (Table AI). 


The aminocyanosilica column is effective in separating highly polar 
compounds and is almost free of solvent memory. It is unfortunate that 
a change in silica gel manufacture caused a substantial change in oper- 


ating characteristics with respect to the anthracycline assay. However, 
if the appropriate mobile phase is used, depending on lot number, then 
this column continues to be useful to anthracycline research. 


(1) P. A. Harris and B. Gudauskas, in “Whatman Liquid Chroma- 
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22. 
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Chromatogr., 1,795 (1978). 
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Abstract Absorption of tetracycline hydrochloride (500 pglml) from 
oxygenated modified Krebs buffer in randomized everted rat jejunal 
segments was determined alone and in the presence of calcium, poly- 
sorbate 80, and calcium plus polysorbate 80. Surfactant increased ab- 
sorption of tetracycline in the presence and absence of calcium, with 
0.01% (w/v) polysorbate 80 increasing transfer to the greatest extent of 
the concentrations examined (0.005,0.01,0.05,0.1, and 1%); tetracycline 
hydrochloride + 12.5 mM CaC12, 143 f 45 pg/ml; tetracycline hydro- 
chloride + polysorbate 80, 389 f 18 pg/ml; tetracycline hydrochloride 
+ 12.5 mM CaC12 + polysorbate 80,255 f 31 pg/ml. On the premise that 
the effective surfactant concentration is similar to the critical micelle 
concentration, an absorption mechanism based on micellar solubilization 
is postulated. 


Keyphrases Tetracycline-absorption, effect of polysorbate 80, 
everted rat intestine Polysorbate 80-effect on tetracycline absorption 
across everted rat intestine Surfactants-effect of polysorbate 80 on 
tetracycline absorption across everted rat intestine 


Tetracycline is a widely used antibiotic. Its serum level 
should not fall below the minimum inhibitory concentra- 
tion (MIC), usually between 0.1 and 1.5 pg/ml, for most 
bacterial strains. Occasionally, this concentration is dif- 
ficult to maintain due to decreased absorption caused by 
other drugs or divalent and trivalent cations present in the 
GI tract (1-3). The intestinal absorption of most tetracy- 
clines is rapid but incomplete, and the absorption mech- 
anism is poorly understood (4,5). 


Physicochemical interactions in the gut are not un- 
common and, at least pharmacokinetically, seem to be the 
most important form of interaction affecting the absorp- 
tion of tetracycline derivatives. Chelation of tetracycline 
with polyvalent cations, which has been well documented, 
is the most common reaction that decreases tetracycline 
absorption. In addition to forming direct tetracycline- 
metal complexes, tetracycline binds to both nucleic acids 
and proteins, with the binding mediated by divalent cat- 
ions such as zinc, calcium, and magnesium. 


Recently, the role of endogenous and exogenous sur- 


factants in drug absorption experiments was explored (6, 
7). In some instances, the addition of surfactants enhanced 
drug absorption (8). 


Since decreased tetracycline absorption presents a 
clinical problem, often requiring alteration of food and 
medications, a method of optimizing tetracycline ab- 
sorption to avoid the present restrictions would be valu- 
able. Surfactants may enhance tetracycline absorption to 
an acceptable level, even in the presence of divalent ions; 
if so, they may prove to be a valuable additive to oral dos- 
age forms. 


This investigation determined the effects of surfactants 
on tetracycline absorption from the rat everted gut sac to 
obtain information on the enhancement of tetracycline 
transport and the tetracycline transport mechanism. 


EXPERIMENTAL 


Intestine Preparation-An everted intestinal sac technique (9,lO) 
was used. The solution on the inside of the sac is referred to as the serosal 
solution, and the solution in which it is incubated is called the mucosal 
solution. 


Seven male white Holtzman rats, 175-200 g, were fasted overnight 
(20-24 hr), but water was not withheld prior to the experiment. The an- 
imals were anesthetized with ether and then killed by stunning and cer- 
vical fracture. The jejunum was removed and rinsed immediately with 
several portions of cold normal saline and everted on a thin glass rod. 
After eversion, the jejunum was washed in cold normal saline and cut into 
seven segments of 5-cm length. Segments of the rat intestine were selected 
randomly for the different treatment groups. 


Sacs of everted intestine were prepared by tying one end tightly and 
the other end loosely with fine thread. Then 0.5 ml of buffer was intro- 
duced inside the sac with a 1-ml syringe fitted with a blunt needle. The 
loose ligature was tightened, and the buffer-filled sacs then were trans- 
ferred immediately to 25-ml erlenmeyer flasks containing 15 ml of buffer 
mixed with tetracycline hydrochloride1, 0.5 gAiter with or without the 
additives. Control sacs were placed in buffer alone. The other five sacs 
were incubated in buffer to which 0.005,0.01,0.05,0.1, or 1% (w/v) pol- 


1 Lot 6 X090-71000, Pfizer Laboratories, New York, N.Y.  
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Two-Dimensional TLC Analysis of Ginsenosides from 
Root of Dwarf Ginseng (Punux trifolius L.) Araliaceae 
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Abstract  A procedure is reported for the two-dimensional TLC sep- 
aration of ginsenosides from the root of Panax trifolius L. The solvent 
systems and spray reagents described are useful for the identification 
of'ginsenosides in various species of Panax. The results of the separation 
and identification with controls of at  least four ginsenosides from the root 
of P. trifolius L. are reported. The total percentage of ginsenosides was 
0.0061%. 


Keyphrases 0 Ginsenosides-two-dimensional TLC analysis from root 
of dwarf ginseng 0 Panax trifolius L.-two-dimensional TLC analysis 
of ginsenosides from root Ginseng, dwarf-two-dimensional TLC 
analysis of ginsenosides from root 


Dwarf ginseng1 is a member of the ginseng family 
(Araliaceae) and is distributed from southern Canada to 
the northern United States (1). The plant is small and 
delicate and has a whorl of three stalked leaves, each of 
which is divided into three stalkless leaflets. The plant has 
a small round umbel of white flowers, which develop into 
greenish-yellow fruits, and a round tuberous root, which 
grows deep in the ground. 


This report describes the usefulness of two-dimensional 
TLC for the semimicro separation of the ginsenosides 
isolated from the root of dwarf ginseng (Panax trifolius 
L.). 


EXPERIMENTAL , 


Plant  Material-Specimens of wild dwarf ginseng (P. trifolius L.) 
were collected on May 4, 1979, from the Tyler Arboretum, Delaware 
County, Pa. 


Extraction Procedure-Ground, freeze-dried roots (18.6 g) were 
extracted with chloroform (150 ml) to remove pigments and lipids. The 
marc was air dried and extracted again with methanol (150 ml). Metha- 
nol-washed silica gel (10.0 g) was mixed well with the methanolic extract 
and filtered to remove impurities (2). The filtrate was combined with the 


This is the first report of continuing research on Panax trifolius L. All plant 
parts of dwarf ginseng are currently being studied in detail. 


methanolic silica gel washings and concentrated to 5 ml. Ten milliliters 
of water was added to 50 ml of the methanolic extract and then reex- 
tracted three times with water-saturated 1-butanol (60 ml total). The 
three butanol layers were combined and concentrated to yield the crude 
saponin extract (20 mg), and this extract was examined by two-dimen- 
sional TLC. 


Two-Dimensional TLC-Adsorbent-Precoated silica gel 60 F-254 
silanized TLC plates2 were used (20 X 20 cm, 250-pm layer). 


Eluent Systems-Solvents were analytical grade and were used as 
received?. Eluent A was chloroform-methanol-ethyl acetate-butanol- 
water (4:4:8:1:2, lower phase). Eluent B was chloroform-butanol-meth- 
and-water (4:8:3:4, lower phase). Eluent C was chloroform-methanol- 
water (13:7:2, lower phase). 


Detection Reagent-A solution of 1 rnl of p-anisaldehyde and 1 ml of 
concentrated sulfuric acid diluted to 100 ml with methanol was prepared 
fresh daily. Plates were heated at 130° for 15 min following spraying 
(3). 


Standard Solutions-Standard solutions consisted of ginsenosides4 
Ro, Rbl, Rbz, Rc, Rd, Re, Rf, Rg,, and Rgp dissolved in methanol a t  a 
concentration of 1 mg/ml. All stock solutions were kept refrigerated 
(3). 


Procedure-The concentrated crude saponins were dissolved in 
methanol (1 ml), and 20 pl of this solution was spotted on the bottom left 
corner of the plates 2.0 cm from each side. The standard solutions of 5 
pl of each control ginsenoside were spotted separately 0.8 cm from each 
other on the bottom right and upper left, exactly 10.0 cm from the crude 
saponin spot. Two-dimensional TLC plates were prepared as shown in 
Fig. 1. 


The plates were developed separately in one direction in Eluents A and 
B for 10 cm. After air drying for 10 min, the plates were run in the second 
direction using Eluent C perpendicular to the first direction for a distance 
of 10 cm. The Rf values were calculated on the basis of a solvent front of 
10.0 cm above the origin, and the relative Rf values were calculated with 
the ginsenoside Rf as the standard. 


Quantitative Analysis-Quantitation of the saponins of P. tnfolius 
L. was performed using the spectrodensitometric procedure described 
previously (3). A 250-mg portion of the root was extracted, and 3.5 ml of 
the final 1-butanol solution was evaporated to dryness. The residue was 


~ ~ ~~ ~ ~ ~~ ~ ~~ 


Catalog No. 5601, EM Laboratories, Elmsford, NY 10523. 


Nine standard ginsenosides were obtained from Dr. J. Shoji, Showa University, 
:' Fisher Scientific Co., Fair Lawn, Nd 07410. 


Tokyo, Japan. 
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Figure 1-Chromatogram of the two-dimensional identification for ginsenosides from the  root of P. trifolius L. using Eluents  A and C .  


Table I-The Rf and RRf Values and Color Reactions of the Reference and Examined Ginsenosides from the Root of P. trifolius L. 


Eluent C Color 
Rf RRf Reactionc 


Eluent B 
R f  RRf 


Eluent A 
Rf RRf Ginsenoside" 


Standards 
Ro 0.68 


0.80 
0.34 
0.33 
0.37 
0.42 
0.52 
0.57 
0.62 
0.66 
0.68 


0.15 
0.25 
0.24 
0.28 
0.34 
0.57 
0.62 
0.68 


0.55 
0.53 
0.60 
0.68 
0.84 
0.92 
1.00 
1.06 
1.10 


0.24 
0.40 
0.39 
0.45 
0.55 
0.92 
I .oo 
1.10 


0.63 
0.63 
0.64 
0.69 
0.78 
0.88 
0.85 
0.98 
0.92 


0.74 0.50 
0.59 0.74 


0.75 
0.81 
0.92 


.... 


0.63 
0.67 
0.72 
0.73 
0.74 


~~ 


0.85 
0.91 
0.97 
0.99 
1.00 


Re 
Rf 


1.04 
1.00 
1.15 
1.08 


0.28 
0.44 
0.81 
0.86 
0.74 
1.04 
1.00 
1.08 


0.77 
0.76 


1.04 
1.03 


Rg1 
Rg2 


P .  trifolius 
0.24 
0.37 
0.69 


0.20 
0.30 
0.43 


0.27 
0.41 
0.58 


G 
G 
G 
G 
B 


0.73 
0.63 
0.88 
0.85 
0.92 


0.46 
0.50 


0.62 
0.68 
0.99 0.73 


0.74 
0.76 


G 
G 
G 


1.00 
1.03 


0 The numbers refer to the numbers given to each spot in Fig. 1. * Relative Rf values with the ginsenoside Rf as the standard. B = blue, V = violet, and G = green. 


90 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 1, January 1981 







redissolved in 0.2 ml of I-butanol, and 16 pl was applied to alternate lanes 
of the TLC plates5, developed, and assayed by spectrodensitometry. 


RESULTS AND DISCUSSION 


Ginseng is one of the best-known Chinese drugs and has been claimed 
to be useful in increasing lifespan as well as being a cure-all. The ginse- 
nosides, abbreviated as Rx, are considered as the characteristic and active 
principles that account for the major biological activities of ginseng 
(4). 


Chemically, all ginsenosides are dammarane-type triterpenoid sapo- 
nins, except for Ro, which is an oleanane type. The dammarane-type 
compounds are classified further into two groups possessing either 20- 
S- protopanaxadiol or 20-S-protopanaxatriol as the sapogenin. 


In this study, eight ginsenosides were found in the root of P. trifolius 
L. Of these compounds, Ro, Re, Rf, and Rgz were identified with nine of 
the controls. Combinations of relative Rf and RRf (Rf values with gin- 
senoside Rf as the standard) values and the specific color reactions after 
spraying with detection reagent facilitated identification of the ginse- 
nosides. 


Table I shows those ginsenosides (Rbl, Rbl, Rc, and Rd) with 20-S- 
protopanaxadiol as the sapogenin. These compounds show a violet color 
after spraying with the detection reagent. Those with 20-S-protopan- 
axatriol as the sapogenin (Re, Rf, Rgl, and Rgz) show a green color, while 
the oleanane-type triterpenoid saponin (Ro) yields a blue color. The 
ginsenosides denoted as 1-4 in Fig. 1 all were green after spraying, indi- 
cating that they are dammarane-type triterpenoid saponins with 20- 
S- protopanaxatriol as the sapogenin. 


In this two-dimensional TLC procedure, identifications depend on the 
Rf and RRf values and on color. These parameters provide a great ad- 
vantage for the detection of ginsenosides, not only in the dwarf ginseng 
but also in other species of Panax. 


Eight separate spots were observed by quantitative analysis, but the 
darkness of the spots, while sufficient for quantitation, was not sufficient 
for determination of the color class by this procedure. The results con- 
firmed the presence of ginsenosides Ro, Re, Rf, and Rgl (Table 11). 


The identities of the remaining four saponins are unknown. The total 
saponin content of P. trifolius (including unknowns) was found to be the 


6 Analtech Co., Newark, DE 19711. 


Table 11-Individual and Total Saponin Content of P. trifolius 
Root 


Ginsenoside6 Individual Saponin, % Rr‘ RRld 


1 (Ro) 0.0004 0.10 0.18 
2 O.OOO6 0.25 0.47 
3 O.OOO8 0.32 0.56 
4 0.0012 0.38 0.67 
5 (Re) 0.0005 0.47 0.82 
6 0.0005 0.51 0.89 


O.oO08 0.57 1.00 
O.oO08 0.63 1.11 


7 (RD 
8 (Rg2) 
9 (Saaonenins) 0.0011 0.71 1.25 


Total saponins = 0.0061%. Due to a different procedure and solvent system, 
the numbering of the ginsenmidm does not necessarily correspond to that in Table 
I. The solvent system was methanol-chloroform-I-butanoL (1:l:l). Relative 
RI values with ginsenoside Hf as standard. 


lowest (0.0061%) of any roots belonging to this genus that have been ex- 
amined in these laboratories. 
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Abstract The We-labeled 4-substituted-1,2,3-selenadiazole analogs 
of two drugs that inhibit the adrenocorticosteroid llg- and 17~-hy-  
droxylase enzymes were prepared by the [76Se]selenious acid oxidation 
of the appropriate methyl ketone semicarbazones. The concentration 
of the radiolabeled compounds in the adrenal glands of rats over a 
0.25-24-hr period was determined and compared with that in the blood, 
liver, and kidneys. The concentration in the adrenal glands and the target 
to nontarget ratios were much lower than those reported for other adre- 


nocorticosteroid inhibitors. Therefore, these 1,2,3-selenadiazole agents 
do not have potential as adrenocorticosteroid imaging agents. 


Keyphrases 1,2,3-Selenadiazoles-synthesis and biodistribution of 
radiolabeled compounds as potential adrenocorticosteroid imaging agents 


Imaging agents, potential-radiolabeled 1,2,3-selenadiazoles, synthesis 
and biodistribution 


One current approach to the development of adrenal 
cortex imaging agents employs radiolabeled analogs of 
drugs that inhibit adrenocorticosteroid biosynthesis (1-3). 
Although Beierwaltes et al. (1-3) reported the in uiuo vi- 


sualization of the canine adrenal cortex with 13’I-labeled 
aminophenylethylamine, their studies suggested that ra- 
diolabeled derivatives of the 1 I@- and l7a-hydroxylase 
enzyme inhibitors might be more effective. Therefore, an 
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High-Performance Liquid Chromatographic Determination of 
Propranolol and 4-Hydroxypropranolol in Plasma 
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Abstract A high-performance liquid chromatographic method for the 
simultaneous determination of propranolol and 4-hydroxypropranolol 
in plasma is presented. The method involves plasma extraction at basic 
pH with ethyl acetate, two brief back-extractions, chromatography on 
a reversed-phase column, and fluorescence detection. The within-run 
coefficients of variation were 3.0-7.1% for propranolol and 5.8-8.370 for 
4-hydroxypropranolol. The day-to-day variations were 4.6 and 8.2% for 
propranolol and 4-hydroxypropranolol, respectively. The method can 
detect I ng of each compound/ml of plasma. 


Keyphrases 0 High-performance liquid chromatography-propranolol 
and 4-hydroxypropranolol, human plasma Propranolol-analysis, 
high-performance liquid chromatography, human plasma 4-Hydroxy- 
propranolol-analysis, high-performance liquid chromatography, human 
plasma 0 /3-Adrenergic antagonists-propranolol and 4-hydroxy- 
propranolol, high-performance liquid chromatography, human plasma 


Propranolol, a P-adrenergic antagonist, is used to treat 
angina pectoris, cardiac arrhythmias, and hypertension. 
4-Hydroxypropranolol, a metabolite of propranolol in 
humans and animals (l), is equipotent with propranolol 
as a 6-adrenergic antagonist (2) and is present in human 
plasma after acute and chronic treatment with propranolol 
(3-7). 


Several methods for the simultaneous determination of 
both substances have been proposed, including mass 
fragmentography (3), direct fluorometry (4), and re- 
versed-phase high-pressure liquid chromatography 
(HPLC) with fluorescence detection (9, but none of these 
methods is entirely satisfactory. In other methods, the 
standard curve for 4-hydroxypropranolol was not linear 
(8) and no internal standard was used (9). 


This paper describes a specific and sensitive HPLC 
method for the simultaneous determination of propranolol 
and 4-hydroxypropranolol in plasma. The procedure has 
been used for the analysis of plasma samples of patients 
taking propranolol. 


EXPERIMENTAL 


Chemicals and Reagents-1-Heptanesulfonic acid' in acetic acid 
was used. Propranolol, 4-hydroxypropranolol, and 4-methylpropranolol 
were supplied as the hydrochloride salts2. Methanol was Lichrosolv 
quality3, and all other reagents were analytical grade. 


Instrumental Conditions-The microprocessor-controlled high- 
performance liquid chromatograph4 was equipped with a fluorescence 
detector5. The fluorometer was set at an excitation wavelength of 290 nm, 
with gn emission cutoff filter allowing 90% transmission at  340 nm. 


Chromatography was done on a reversed-phase column 250 mm long 
X 4.6 mm i.d.6. The helium degassed mobile phase was pumped through 
the column at a flow rate of 1.5 ml/min, which required pressures of 
600-1000 psi, depending on column age. The column temperature was 
40°. Samples were injected using an automatic injector7 equipped with 


1 Reagent B-7, Waters Associates, Milford, Mass. 
2 Imperial Chemical Industries, Macclesfield, England. 
3 Merck, Darmstadt, West Germany. 
4 Spectra-Physics SP-8000, Eindhoven, The Netherlands. 
5 F.S. 970, Schoeffel Instruments Corp., West Germany. 


Lichrosorb 10RP8, Chrompack, Merksem, Belgium. 
1 Spectra-Physics SP-8OO0, Eindhoven, The Netherlands. 


A B 


r 1 I I I 1 1 1 


0 4 8 12 0 4 
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Figure 1-(A) High-performance liquid chromatogram of the extract 
of 1 ml of blank plasma. (E) Chromatogram of an extract of 1 ml of blank 
plasma spiked with 20 ng of 4-hydroxypropranolol, 50 ng of propranolol, 
and 60 ng of the internal standard 4-methylpropranolol. 


a 1O-pl loop. Quantitation was done by peak area measurements. 
Mobile Phase-1-Heptanesulfonic acid in acetic acid (25.0 ml) was 


mixed with 1000 ml of distilled water (Solvent A), and 25.0 ml of the same 
acid solution was mixed with 1000 ml of methanol (Solvent B). The mo- 
bile phase was Solvent A-Solvent B (3466, v/v). 


Assay Standards-Standard solutions of propranolol and of 4-hy- 
droxypropranolol(10 mg/100 ml each, calculated as the base) were pre- 
pared in methanol and stored at -20'. For each assay, 100-fold aqueous 
dilutions of the standard solutions were made. The internal standard was 
10 pg of 4-methylpropranolol/ml of methanol and was stored at -20". 


Extractions-To 1 ml of the spiked plasma or the unknown sample 
in a 10-ml glass-stoppered centrifuge tube, 20 mg of sodium hydrogen 
sulfite (20% in distilled water), 6 pl of the internal standard solution, 50 
pl of 0.05 M triethylamine, and 500 p1 of 2.5 N NaOH were added suc- 
cessively. The mixture was extracted with 4 ml of ethyl acetate by shaking 
horizontally for 10 min. 


After centrifugation for 10 min at  6000 rpm, the organic phase was 
transferred with a Pasteur pipet to a 6-ml glass-stoppered conical tube. 
To the ethyl acetate layer, 100 p1 of 0.2 N H2S04 was added and the so- 
lution was mixed with a vortex mixer for 30 sec. After centrifugation the 
ethyl acetate layer was discarded and 100 pl of 2.5 N NaOH was 
added. 


The basic solution was extracted immediately with 1 ml of ethyl acetate 
by mixing with a vortex mixer for 30 sec and centrifuging. The supernate 
was transferred with a Pasteur pipet to  another 6-ml glass-stoppered 
conical tube, and the organic phase was removed under a gentle nitrogen 
stream at  room temperature to near dryness. The residue was dissolved 
in 15 pl of the mobile phase and stored at -2OO until analysis, i.e., within 
a few hours. 


8 12 


Spectra-Physics SP-8000 data system, Eindhoven, The Netherlands. 
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Figure 2-High-performance 
liquid chromatogram of an extract 
of 1 ml of plasma of a patient re- 
ceiving propranolol. To 1 ml of 
plasma, 60 ng of methylpropran- 
0101 was added as the internal 
standard. 


I I 1 I 
0 4 8 12 


MINUTES 


Quantitation-Human plasma samples spiked with increasing con- 
centrations of propranolol (5-300 ng/ml) and 4-hydroxypropranolol 
(1-100 ng/ml) were carried through the whole procedure. Peak area ratios 
of propranolol or 4-hydroxypropranolol to the internal standard were 
plotted versus their concentrations, and an unweighted least-squares 
linear regression analysis was performed. Unknown drug concentrations 
were estimated from the calibration curve. 


RESULTS AND DISCUSSION 


Blank plasma extracts yielded no interfering peaks from endogenous 
plasma components (Fig. 1A). Propranolol, 4-hydroxypropranolol, and 
4-methylpropranolol were separated and eluted in -12 min (Fig. 1B). 
Sensitivity limits were 1 ng/ml for each compound when the entire 1-ml 
plasma extract was injected. The detector response was linear for plasma 
propranolol concentrations of a t  least 5-300 ng/ml and plasma 4-hy- 
droxypropranolol concentrations of a t  least 1-100 ng/ml. Typical cali- 
bration curve data are listed in Table 1. Over 3 weeks, the slopes of the 
calibration curves demonstrated little change (CV = 4.8 and 5.6% for 
propranolol and 4-hydroxypropranolol, respectively, n = 13). The results 
of accuracy and precision, both within run and day to day, are shown in 
Table 11.4-Hydroxypropranolol is stable in plasma, if frozen, for at least 
3 weeks (Table 11). This stability also was reported by others (6). 


Uncorrected recovery, as assessed by comparing peak areas of extracted 
standards with those of unextracted compounds, was 75 f 6% (n = 5) for 
4-hydroxypropranolol and 80 f 5% (n = 5) for propranolol. 


Figure 2 illustrates a chromatogram of the plasma extract from a pa- 
tient receiving 40 mg of propranolol four times a day. The blood sample 
was taken 10 hr after the last dose. 


There was no interference of the commonly used cardiac drugs quini- 
dine, lidocaine, procainamide, and disopyramide added in uitro. N- 
Desisopropylpropranolol, another reported metabolite of propranolol 


Table I-Calibration Curve Data (y = c + mx) 


Range, Slope Intercept 
Compound ng/ml ( m )  ( C )  r 


Propranolol 5-300 0.0098 0.0031 0.9990 
4-Hydroxy- 1-100 0.0127 0.0006 0.9992 


DroDranolol 


Table 11-Accuracy and Within-Run and Day-to-Day Precision 
for  Propranolol and 4-Hydroxypropranolol 


Level, Mean Assay, 
ComDound ndml % cv. To 


Within Run ( n  = 5) 
Propranolol 10 106.3 7.1 


50 99.6 3.0 .~ ~ 


100 100.6 5.1 
4-Hydroxypro- 5 98.2 8.3 


pranolol 20 101.9 5.8 
40 97.4 6.4 


Day to Day ( n  = 1O)a 
Propranolol 50 103.7 4.6 
4-Hydroxypro- 15 98.5 8.2 


pranolol 


(I Pooled plasma standards, analyzed over 3 weeks. 


(lo), eluted just before propranolol, but no measurable amounts were 
found in the plasma of patients treated with propranolol. 


The brief cleanup steps before chromatography, involving successive 
back-extractions into acid and ethyl acetate a t  basic pH, resulted in 
cleaner chromatograms than those previously reported (4,5,8). These 
cleanup steps were necessary particularly to obtain the assay sensitivity 
of 1 ng/ml for 4-hydroxypropranolol. In comparison to other HPLC 
methods for propranolol and 4-hydroxypropranolol(5,8,9), the described 
HPLC method is more sensitive, specific, and precise, particularly for 
the 4-hydroxypropranolol determination. 
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height. Since the nitrate ion absorbs a t  this wavelength, an injection of 
isopilocarpine nitrate solution gave an extra peak a t  -40-50 min after 
injection, presumably due to ammonium nitrate elution. This peak can 
be avoided, if desired, by first passing the isopilocarpine nitrate sample 
through an ion-exchange column to replace the nitrate ion with a UV 
inactive ion. 
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Abstract The LwRiegelman method was applied to serum amikacin 
level data after intravenous and intramuscular administration. Intra- 
muscular amikacin absorption can be described by first-order kinetics, 
but the absorption rate constant decreased from 1.95 hr-’ a t  a 125-mg 
dose to 1.00 hr-l at  a 750-mg dose. This rate change apparently is a 
physical phenomenon due to differing dosing volumes at  different doses 
and attendant changes in the surface area to volume ratio at  the injection 
site. Amikacin absorption rates on intramuscular injection can be max- 
imized by giving several smaller injections rather than a single larger 
injection. This phenomenon should be generally observed with amino- 
glycoside antibiotics and could he partly responsible for reported varia- 
tions in absorption rate and the poor predictability of serum concentra- 
tions. 


Keyphrases 0 Aminoglycosides-effect of dosing volume on intra- 
muscular absorption rate Absorption, intramuscular-aminoglyco- 
sides, dosing volume effects 0 Amikacin-intramuscular absorption 
rates, dosing volume effects 


In a review of the clinical pharmacokinetics of amino- 
glycoside antibiotics, Pechere and Dugal (1) referred to 
reports of wide intramuscular absorption rate variations 
within and between studies and antibiotics. They com- 
mented: “In view of the fact that rates of absorption vary 
widely, nomograms based on equations which make use 
of a universal absorption rate constant should be critically 
examined. This, incidentally, may be partly responsible 
for the poor predictability of serum aminoglycoside con- 
centrations noted by some authors.” According to 
Greenblatt and Koch-Weser (2), nonlinear intramuscular 
absorption may be fairly common because local and sys- 
temic factors that influence the absorption rate rarely re- 
main constant while absorption is taking place. 


In this study, available intravenous and intramuscular 
amikacin data were used to estimate intramuscular ab- 


sorption kinetics of an aminoglycoside antibiotic. Since the 
data were derived from separate studies, mean values were 
used for the pharmacokinetic parameters and intramus- 
cular serum levels. A crossover intravenous-intramuscular 
amikacin study at 125- and 500-mg doses was reported, but 
no estimates of the intramuscular absorption kinetics were 
made (3). 


EXPERIMENTAL 


The data analyzed were drawn from three Phase I amikacin clinical 
investigations (Studies 1,2, and 7). The subjects in all three studies were 
normal, healthy adult males ranging from 21 to 40 years and from 60 to 
90 kg. 


In Study 7,7.5 mg/kg was administered intravenously as 5-, 30-, and 
60-min infusions. Six subjects received both the 30- and 60-min infusions, 
according to a balanced crossover design, into an antecubital vein using 
an infusion pump’. Six other subjects received the 5-min infusion as a 
push injection into an antecubital vein. 


In Studies 1 and 2, amikacin was administered into the right or left 
superior lateral gluteal quadrant. In Study 1,12 subjects each received 
250- and 500-mg doses; some results were previously published (4). In 
Study 2, three subjects each received 125, 250-, 500-, or 750-mg doses. 


Blood samples were collected for serum preparation, and serum sam- 
ples were analyzed for amikacin content using a standard cup plate 
hioassay (5) with Bacillus subtilis (ATCC 6633) as the bioassay organism. 
The minimum quantitative sensitivity of the assay was 0.06 pg/ml. 
Typically, an analysis of variance of the regression slope of the standard 
response line (zone diameter uersus log concentration) yielded F (1,3) 
= 240. 


Mean postinfusion intravenous data were fitted to the hiexponential 
equation for an open, two-compartment model of drug distribution with 
central compartment elimination only: 


C = A‘ exp(-at’) + B’ exp(-Pt’) (Eq. 1) 


Model 940, Harvard Instrument Co., South Natick, Mass. 
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Figure 1-Mean serum amikacin concentrations after intravenous 
infusion (Study 7). Key: @, 60-min infusion; 0 ,30-min infusion; and 
a, 5-min infusion. 


where C is the observed serum concentration at  time t' = t - T, t is time 
from the start of the infusion, and T is the duration of the infusion. The 
fitting was performed by nonlinear regression analysis using the digital 
computer program NONLIN (61, which employs Hartley's modification 
of the Gauss-Newton method (7). Goodness of fit was measured using 
the sum of squares of the deviations of the fitted concentrations (e) from 
the observed concentrations: 


s = Z(C - C ) 2  (Es. 2) 


and a coefficient of determination: 


The coefficients A' and B' were corrected to their equivalent values for 


Table I-Pharmacokinetic Parameters from Mean 
Intravenous Data 


~~~ 


60-min 30-min 5-min 
Parameter Infusion Infusion Infusion Mean (SD) 


A", pg/ml 
a. hr-l 


37.4 


28.4 
1.39 


0.290 
0.766 
0.388 
0.527 
0.114 


125 


39.8 


35.5 
2.78 


0.313 
1.48 
1.02 
0.589 
0.100 


128 


46.0 


31.9 
1.85 


0.301 
0.934 
0.595 
0.619 
0.096 


131 


41.1 (4.4) 


31.9 (3.6) 
2.01 (0.71) 


0.301 (0.012) 
1.06 (0.37) 
0.669 (0.325) 
0.578 (0.047) 
0.103 (0.009) 


128 (3) 
0.9958 0.9982 0.9837 s 7.7574 4.3811 91.1586 


0 Values of A and R after correction to bolus administration case. 


Table 11-Results of Linear Regression Analysis on Natural 
Logarithm of Percent of Dose Remaining to be Absorbed 
versus Time 


Dose, KO I t1/2r to, 
Study mg hr-1 min min 


1 250 1.38 30 3 


I 
0 2 4 6 8 10 12 


HOURS 
Figure 2-Mean serum amikacin concentrations after intramuscular 
injection (Study 1). Key: @, 250-mg dose; and 0,500-mg dose. 


intravenous bolus injection, A and B, using (8): 


A = A'aT/[l- exp(-aT)] (Eq. 4a) 


B = B'PT/[1- exp(-@T)] (Eq. 46) 


Given A, a, B, and 8, the pharmacokinetic parameters could be calculated 
according to standard methods (9). 


The intramuscular absorption profiles, as percent of dose unabsorbed 
versus time, for amikacin were determined using the mean intramuscular 
serum data and the mean intravenous pharmacokinetic parameters ac- 
cording to the Loo-Riegelman method (10). The equation defining pe- 
ripheral compartment concentrations was used without the Taylor ex- 
pansion simplification. All cumulative areas under the mean intramus- 
cular drug concentration uersus time curves were determined using the 
trapezoidal rule. The values representing percent of dose unabsorbed 
versus time were analyzed by suitable transformation and least-squares 
linear regression analysis to determine kinetic order, lag time, and ab- 
sorption rate constants. 


RESULTS AND DISCUSSION 


Figure 1 is a semilogarithmic plot of the mean intravenous data. The 
results of the pharmacokinetic analyses of these data are listed in Table 
I. The reason for the poorer fit to the 5-min infusion data probably was 
the difficulty in timing a push injection exactly. The overall mean values 
of Kzl, Klz,  and K,I of 1.06,0.669, and 0.578 hr-l, respectively (Table I), 
were used in the Loo-Riegelman analysis. 


401 po9 


0.7 10 12 , 
0 2 4 6 8 


HOURS 
Figure 3-Mean serum amikacin concentrations after intramuscular 
injection (Study 2). Key: a, 125-mg dose; 0,250-mg dose; B, 500-mg 
dose; and 0, 750-mg dose. 
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Figure 4-Absorption profiles from Study I data. Key: 0,250-mg dose; 
and 0,500-mg dose. 


The mean intramuscular serum levels from Studies 1 and 2 are plotted 
semilogarithmically in Figs. 2 and 3. The calculated intramuscular ab- 
sorption profiles were straight lines when plotted semilogarithmically 
(Figs. 4 and 5 ) ,  indicating that intramuscular amikacin absorption could 
be a single first-order process. In all cases, the correlation coefficients from 
least-squares linear regression analysis of the natural logarithm of the 
percent remaining to be absorbed versus time were 20.9998. The ab- 
sorption rate constants (&),absorption half-times (t l /z  = In 2/K,), and 
absorption lag times (to) are listed in Table 11. The overall mean tllz f 
SD was 34 f 8 min. 


The values for K,, 1-2 hr-l, were sufficiently close to the values for 
01 (Table II), 1.4-2.8 hr-l, so that, on intramuscular administration, K, 
and LY would effectively disappear as separate coefficients, producing a 
compound rate constant that could be misinterpreted as an absorption 
rate constant. 


The value of K, decreased as the dose increased. There was a statis- 
tically significant linear regression of In K ,  on In D (D is dose in milli- 
grams): 


In K ,  = 2.388 - 0.370 In D (Eq. 5) 


df = 4 r =0.957 p < 0.01 


which transformed to (Fig. 6): 


(Eq. 6) K - 10.90-0.370 a -  


1 


0 0.5 1 1.5 2 2.5 
HOURS 


Figure 5-Absorption profiles from Study 2 data. Key: 0, 125-mg dose; 
0,250-mg dose; ., 500-mg dose; and 0, 750-mg dose. 
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Figure &-Relationship between amikacin abaorption rate constant 
and doses. 


According to Ballard (ll), K,, a first-order rate constant, is directly 
proportional to the dosing solution surface area to volume ratio (SAIV,) 
when the membrane thickness and the drug’s diffusion and partition 
coefficients are constant. If the physical distribution of injected dosing 
solutions is approximated as a sphere, then: 


S A  = 47rr2 (Es. 7a) 


V, = 4+/3 (Eq. 7b)  
where r is the sphere’s radius. If 1 ml = 1 cm3 (Eq. 7b) ,  then the sphere’s 
area in square centimeters can be determined from the volumes using 
Eqs. 70 and 7b .  A plot of K, versus SAIV, should be a straight line that 
passes through the origin. 


Amikacin for intramuscular injection was supplied as a formulated 
250-mglml solution in a buffered aqueous vehicle. Therefore, a constant 
concentration was injected, but V, varied with the dose. For the 125-, 
250-, 500-, and 750-mg doses, the respective values of V, were 0.5,1,2, 
and 3 cm3; the respective values of SAIV, were 6.09,4.84,3.84, and 3.35 
crn2l3. Least-squares linear regression analysis of K ,  versus SAIV, yielded 
a statistically significant (d f  = 4, r = 0.968, p < 0.01) straight line which 
passed through the origin (Fig. 7): 


KO = 0.294(SA/VS) (Eq. 8) 


Apparently, the variations in K ,  were a purely physical result of the 
variation in the dosing volume. The best strategy for maximizing ab- 
sorption rates is to administer a dose as several smaller volumes rather 
than a single larger volume. It may be difficult to detect absorption 
nonlinearities on the basis of the peak serum level and time to peak serum 
level unless sufficiently short serum sampling intervals are used. 


Differences in the intrinsic absorbability of other aminoglycosides may 
exist due to differences in their diffusion and partition coefficients; but 


2 4 6 
SAIV,, cm”* 


0 -  
0 


Figure 7-Relationship between amikacin absorption rate constant 
and surface area to volume ratio. 
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since they are marketed as preformulated dosing solutions, the same 
variations in K,  with dosing volume might be expected. Part of the 
variations noted earlier may he due to the effects of the different rec- 
ommended dosing schedules and different dosing solution volumes on 
the volumes administered. The question of variations in aminoglycoside 
absorption rates is an interesting phenomenon that warrants further 
investigation. 
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Abstract 0 Theophylline pharmacokinetics following oral and intra- 
venous administration were studied, and the absolute bioavailability of 
five commercially available products was determined using the rabbit 
as an in uiuo model. Concentration-dependent clearance studies were 
performed by multiple constant-rate infusion and multiple bolus dose 
administration of aminophylline. Theophylline pharmacokinetics fol- 
lowing the oral adminstration of these products obeyed the one-com- 
partment open model adequately. However, the data obtained following 
rapid intravenous aminophylline administration in the rabbit fit either 
the one-compartment model (half-life = 2.8 hr and the volume of dis- 
tribution = 0.586 literhg) or the two-compartment model (@-phase 
half-life = 4.4 hr and Vd(a)  = 0.708 liter/kg). There were no significant 
product-to-product differences in the time to peak ( tmx) ,  the rate con- 
stant of absorption (k,), or the percent of dose absorbed at  1 hr ( F I ) ;  
however, differences in the absolute bioavailability (F), dose-normalized 
peak serum concentration (Crnar(,& and percent of dose absorbed at  6 
hr (F6) were significant. There was no evidence of concentration-de- 
pendent clearance for theophylline in the rabbit in the serum concen- 
tration range studied, but the results of the multiple constant-rate 
infusion study suggest that total clearance decreases a t  higher serum 
theophylline concentrations. 


Keyphrases ff Theophylline-pharmacokinetics, oral and intravenous 
administration, concentration-dependent clearance Pharmacokinet- 
ics-theophylline, oral and intravenous administration, concentration- 
dependent clearance 0 Bioavailability-theophylline, oral administra- 
tion, aminophylline, intravenous administration 


Several pharmacokinetic studies have investigated 
theophylline bioavailability from various dosage forms 
(1-5). Two studies (3, 5 )  determined the absolute theo- 
phylline bioavailability from oral dosage forms. However, 
additional research is needed to examine the intrasubject 
variability in theophylline elimination kinetics (6). 


The present work concerned theophylline pharmaco- 
kinetics in the rabbit following intravenous and oral ad- 
ministration to determine the absolute bioavailability of 
theophylline from five commercially available dosage 
forms using the rabbit as an in uiuo model and to examine 


the possibility of concentration-dependent clearance of 
this drug. Although no reports suggested dose-dependent 
kinetics for theophylline in the rabbit, it may be that a t  
sufficiently high dosages the relationship between the dose 
and the serum concentration-time integral becomes 
nonlinear. Such a finding would preclude the use of tra- 
ditional approaches for quantitating absolute or relative 
bioavailability. 


EXPERIMENTAL 


Materials and Methods-All dosage forms studied (A1, B2, C3, D4, 
and E6) were purchased commercially. Anhydrous theophylline6 was used 
as supplied. Aminophylline’ injection, 250 mg (25 mg/ml), was used for 
intravenous administration. 


Animals-Male New Zealand White rabbits, 2.4-3.9 kg, were main- 
tained on commercial rabbit foods and tap water and were fasted over- 
night prior to each oral experiment. Water was allowed ad libitum during 
fasting and throughout the experiment. Each animal received one oral 
dosage form of theophylline, followed 24 hr later by an intravenous dose 
of aminophylline. 


Oral Administration of Drugs-The animal was restrained, and its 
mouth was opened by inserting hemostatic forceps from the side into the 
oral cavity immediately behind the rabbit’s incisors. A small animal 
capsule administration device, with the tablet or capsule in its slotted 
end, was placed over the rabbit’s tongue and advanced -4-5 cm into the 
pharynx. The capsule or tablet then was released by pushing the plunger 
rapidly and completely. This administration was followed by -10 ml of 
water. After the device and forceps were removed, the rabbit’s mouth and 
nostrils were held closed until swallowing occurred. 


Rapid Intravenous Administration of Aminophylline-A dose of 24.33 


Tablets (aminophylline, 200 mg), lot 776-991, Searle, Chicago, Ill. 
2 Capsules (theophylline, 200 mg), lot 1W60531, Cooper, Wayne, N.J. 


Tablets (theophylline, 125 mg), lot 68308, Riker Laboratories, St. Paul, 


S. R. Capsules (theophylline, 2 gr), lot 6090204, Fleming, Fenton, Mo. 
S. R. Capsules (theophylline, 1 gr), lot 6090204, Fleming, Fenton, Mo. 


Aminophylline Injection, Searle, Chicago, Ill. 
Purina Laboratory Rabbit Chow, Ralston-Purina, St. Louis, Mo. 


Minn. 


6 Anhydrous theophylline, Nutritional Biochemicals, Cleveland, Ohio. 
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plasma since aglycones of the drug and metabolites are not well resolved 
and elute near the solvent front, where there are high levels of nonspecific 
fluorescence due to plasma constituents. 


Aglycone separation is not a problem in the in uitro assays since there 
are few interfering substances. Separation of aglycones from deoxy- 
aglycones can be accomplished for most anthracyclines using the ami- 
nocyanosilica column if a less polar mobile phase is used. The parent 
compound, however, will have a longer retention time under these con- 
ditions. 


Marcellomycin is an anthracycline with a three-sugar chain linked by 
a glycosidic bond to pyrromycione (22). Mussettamycin and pyrromycin 
are the di- and monosaccharides in this series, respectively. As can be seen 
from Table 11, these four anthracyclines can be separated easily by this 
system. 


The relative peak heights of test compounds compared to doxorubicin 
in this HPLC system depend on three major factors: (a )  the molar fluo- 
rescence of the compounds at  the excitation-emission bandwidths used 
in the fluorescence detector, ( b )  the extraction efficiency of the chloro- 
form-isopropanol solvent, and ( c )  the retention time of the compound. 
Since retention times of the compounds are short, there is not much 
spreading of peak widths so the third factor does not influence peak 
heights substantially. However, the other two factors are important since 
the relative fluorescence of carubicin is -2.5-3 times that of doxorubicin 
in this system. For example, 50 ng of carubicidml produces a peak height 
that is -33% of that due to 400 ng of doxorubicin/ml. This result means 
that the fluorescence due to 50 ng of carubicin is equivalent to that due 
to 132 ng of doxorubicin/ml. Since the standard curve for carubicin is 
linear, it is not necessary to determine if this greater relative fluorescence 
is due to differences in molar fluorescence or to extraction efficiency. The 
relative fluorescence of doxorubicin, daunorubicin, and marcellomycin 
appears to be comparable when these drugs are extracted from pooled 
plasma. 


The examples reported here demonstrate the usefulness and versatility 
of HPLC to anthracycline research. There is good evidence that doxo- 
rubicin toxicity can be predicted on the basis of elevated drug exposure 
or the area under the plasma concentration curve (23). If this observation 
holds for anthracycline analogs, then drug monitoring could warn against 
toxicity during early clinical trials. This HPLC system would then be 
useful in obtaining concentrations within a reasonable time with accuracy 
and reproducibility. 
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ADDENDUM TO ANTHRACYCLINE ASSAY BY HIGH- 
PRESSURE LIQUID CHROMATOGRAPHY. 
MODIFICATION OF MOBILE PHASE FOR 


AMINOCYANOSILICA COLUMNS USED FOR 
ANTHRACYCLINE ASSAY 


(Prepared by Steven D. Reich’=, Lorraine Martinez’, Walter W. Krehe12, 
and J. Robert Bider2. Received June 9,1980. Accepted for publication 
August 14, 1980.) 


High-pressure liquid chromatography (HPLC) is an efficient technique 
for the separation and quantification of anthracycline antibiotics. Various 
assay procedures have been described, including several that employ an 
aminocyanosilica column3 (1-3). Users of this column should be aware 
that a modification in the manufacturing process for the packing material 
has changed the properties of this column with respect to anthracycline 
assay. Although the change improved the uniformity of the columns 
without significantly altering retention times of standard test compounds 
or the number of theoretical plates, the affinity of the packing for an- 
thracyclines was decreased. No other problems secondary to the change 
have been reported to the manufacturer. 


Table AI-Retention Times for Several Compounds 


ComDound Retention Time, min 


Solvent front 
Acridine 
Aclacinomycin A 
Carubicin 
Quinidine sulfate 
Daunorubicin 
Puromycin 
Quinine sulfate 
Carminom y cinol 
Proflavin 
Daunorubicinol 
Doxorubicin 


1.3 
1.3 
1.3 
3.0 
3.3 
3.6 
3.6 
3.8 
4.0 
4.0 
4.8 
6.3 


0 The column was Whatman Partisil PXS 10/25 PAC (!ot 100320), the mobile 
phase was hexane-ethylene chloride-methanol-acetic acld-water (40401041), 
and the flow rate was 3.0 ml/min. 


Those columns3 manufactured prior to May 24,1979, separate doxo- 
rubicin (adriamycin), adriamycinol, adriamycin aglycones, daunorubicin, 
and daunorubicinol with a mobile phase of choloform-methanol-acetic 
acid-water (80:202:3). Columns manufactured after May 1979 (lots 
100302 ahd higher) require a modification in the mobile phase to separate 
these compounds; hexane-ethylene chloride-methanol-acetic acid-water 
(404010:4:1) a t  a flow rate of 3.0 ml/min can be used without loss of 
separation or sensitivity compared to the old system. 


To document that the new system can be used for assay of doxorubicin 
and other anthracyclines, standard curves for doxorubicin and carubicin 
(carminomycin) were prepared in plasma. Daunorubicin (50 ng/ml) and 


Division of Clinical Pharmacology, Department of Medicine, University of 
Massachusetts Medical School, Worcester, MA 01605. 


Partisil-10 PAC, Whatman, Clifton, NJ 07014. 
* Whatman, Clifton, N J  07014. 
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doxorubicin (150 ng/ml) were used as the internal standards, respectively. 
Samples were assayed according to the procedure of Averbuch et al. (3), 
except that new columns (lot 100302) were used with the hexane-ethylene 
chloride-methanol-acetic acid-water mobile phase system. The assay 
sensitivity (signal strength of >2.5 times baseline noise) was 5 and 1 
ng/ml, respectively. In both cases, the response was linear to 200 ng/ml 
(highest concentration tested). The correlation coefficient for six points 
was >O.% for both assays. Retention times for several anthracyclines and 
other fluorescent compounds were determined (Table AI). 


The aminocyanosilica column is effective in separating highly polar 
compounds and is almost free of solvent memory. It is unfortunate that 
a change in silica gel manufacture caused a substantial change in oper- 


ating characteristics with respect to the anthracycline assay. However, 
if the appropriate mobile phase is used, depending on lot number, then 
this column continues to be useful to anthracycline research. 


(1) P. A. Harris and B. Gudauskas, in “Whatman Liquid Chroma- 
tography Product Guide,” Bull. 123, Whatman, Clifton, N.J., 1977, p. 
22. 


(2) M. Israel, W. I. Pegg, P. M. Wilkinson, and M. B. Garnick, J.  Liq. 
Chromatogr., 1,795 (1978). 


(3) S. D. Averbuch, T. T. Finkelstein, S. E. Fandrich, and S. D. Reich, 
J.  Pharm. Sci.. 70,265 (1981). 
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Abstract Absorption of tetracycline hydrochloride (500 pglml) from 
oxygenated modified Krebs buffer in randomized everted rat jejunal 
segments was determined alone and in the presence of calcium, poly- 
sorbate 80, and calcium plus polysorbate 80. Surfactant increased ab- 
sorption of tetracycline in the presence and absence of calcium, with 
0.01% (w/v) polysorbate 80 increasing transfer to the greatest extent of 
the concentrations examined (0.005,0.01,0.05,0.1, and 1%); tetracycline 
hydrochloride + 12.5 mM CaC12, 143 f 45 pg/ml; tetracycline hydro- 
chloride + polysorbate 80, 389 f 18 pg/ml; tetracycline hydrochloride 
+ 12.5 mM CaC12 + polysorbate 80,255 f 31 pg/ml. On the premise that 
the effective surfactant concentration is similar to the critical micelle 
concentration, an absorption mechanism based on micellar solubilization 
is postulated. 


Keyphrases Tetracycline-absorption, effect of polysorbate 80, 
everted rat intestine Polysorbate 80-effect on tetracycline absorption 
across everted rat intestine Surfactants-effect of polysorbate 80 on 
tetracycline absorption across everted rat intestine 


Tetracycline is a widely used antibiotic. Its serum level 
should not fall below the minimum inhibitory concentra- 
tion (MIC), usually between 0.1 and 1.5 pg/ml, for most 
bacterial strains. Occasionally, this concentration is dif- 
ficult to maintain due to decreased absorption caused by 
other drugs or divalent and trivalent cations present in the 
GI tract (1-3). The intestinal absorption of most tetracy- 
clines is rapid but incomplete, and the absorption mech- 
anism is poorly understood (4,5). 


Physicochemical interactions in the gut are not un- 
common and, at least pharmacokinetically, seem to be the 
most important form of interaction affecting the absorp- 
tion of tetracycline derivatives. Chelation of tetracycline 
with polyvalent cations, which has been well documented, 
is the most common reaction that decreases tetracycline 
absorption. In addition to forming direct tetracycline- 
metal complexes, tetracycline binds to both nucleic acids 
and proteins, with the binding mediated by divalent cat- 
ions such as zinc, calcium, and magnesium. 


Recently, the role of endogenous and exogenous sur- 


factants in drug absorption experiments was explored (6, 
7). In some instances, the addition of surfactants enhanced 
drug absorption (8). 


Since decreased tetracycline absorption presents a 
clinical problem, often requiring alteration of food and 
medications, a method of optimizing tetracycline ab- 
sorption to avoid the present restrictions would be valu- 
able. Surfactants may enhance tetracycline absorption to 
an acceptable level, even in the presence of divalent ions; 
if so, they may prove to be a valuable additive to oral dos- 
age forms. 


This investigation determined the effects of surfactants 
on tetracycline absorption from the rat everted gut sac to 
obtain information on the enhancement of tetracycline 
transport and the tetracycline transport mechanism. 


EXPERIMENTAL 


Intestine Preparation-An everted intestinal sac technique (9,lO) 
was used. The solution on the inside of the sac is referred to as the serosal 
solution, and the solution in which it is incubated is called the mucosal 
solution. 


Seven male white Holtzman rats, 175-200 g, were fasted overnight 
(20-24 hr), but water was not withheld prior to the experiment. The an- 
imals were anesthetized with ether and then killed by stunning and cer- 
vical fracture. The jejunum was removed and rinsed immediately with 
several portions of cold normal saline and everted on a thin glass rod. 
After eversion, the jejunum was washed in cold normal saline and cut into 
seven segments of 5-cm length. Segments of the rat intestine were selected 
randomly for the different treatment groups. 


Sacs of everted intestine were prepared by tying one end tightly and 
the other end loosely with fine thread. Then 0.5 ml of buffer was intro- 
duced inside the sac with a 1-ml syringe fitted with a blunt needle. The 
loose ligature was tightened, and the buffer-filled sacs then were trans- 
ferred immediately to 25-ml erlenmeyer flasks containing 15 ml of buffer 
mixed with tetracycline hydrochloride1, 0.5 gAiter with or without the 
additives. Control sacs were placed in buffer alone. The other five sacs 
were incubated in buffer to which 0.005,0.01,0.05,0.1, or 1% (w/v) pol- 


1 Lot 6 X090-71000, Pfizer Laboratories, New York, N.Y.  
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redissolved in 0.2 ml of I-butanol, and 16 pl was applied to alternate lanes 
of the TLC plates5, developed, and assayed by spectrodensitometry. 


RESULTS AND DISCUSSION 


Ginseng is one of the best-known Chinese drugs and has been claimed 
to be useful in increasing lifespan as well as being a cure-all. The ginse- 
nosides, abbreviated as Rx, are considered as the characteristic and active 
principles that account for the major biological activities of ginseng 
(4). 


Chemically, all ginsenosides are dammarane-type triterpenoid sapo- 
nins, except for Ro, which is an oleanane type. The dammarane-type 
compounds are classified further into two groups possessing either 20- 
S- protopanaxadiol or 20-S-protopanaxatriol as the sapogenin. 


In this study, eight ginsenosides were found in the root of P. trifolius 
L. Of these compounds, Ro, Re, Rf, and Rgz were identified with nine of 
the controls. Combinations of relative Rf and RRf (Rf values with gin- 
senoside Rf as the standard) values and the specific color reactions after 
spraying with detection reagent facilitated identification of the ginse- 
nosides. 


Table I shows those ginsenosides (Rbl, Rbl, Rc, and Rd) with 20-S- 
protopanaxadiol as the sapogenin. These compounds show a violet color 
after spraying with the detection reagent. Those with 20-S-protopan- 
axatriol as the sapogenin (Re, Rf, Rgl, and Rgz) show a green color, while 
the oleanane-type triterpenoid saponin (Ro) yields a blue color. The 
ginsenosides denoted as 1-4 in Fig. 1 all were green after spraying, indi- 
cating that they are dammarane-type triterpenoid saponins with 20- 
S- protopanaxatriol as the sapogenin. 


In this two-dimensional TLC procedure, identifications depend on the 
Rf and RRf values and on color. These parameters provide a great ad- 
vantage for the detection of ginsenosides, not only in the dwarf ginseng 
but also in other species of Panax. 


Eight separate spots were observed by quantitative analysis, but the 
darkness of the spots, while sufficient for quantitation, was not sufficient 
for determination of the color class by this procedure. The results con- 
firmed the presence of ginsenosides Ro, Re, Rf, and Rgl (Table 11). 


The identities of the remaining four saponins are unknown. The total 
saponin content of P. trifolius (including unknowns) was found to be the 


6 Analtech Co., Newark, DE 19711. 


Table 11-Individual and Total Saponin Content of P. trifolius 
Root 


Ginsenoside6 Individual Saponin, % Rr‘ RRld 


1 (Ro) 0.0004 0.10 0.18 
2 O.OOO6 0.25 0.47 
3 O.OOO8 0.32 0.56 
4 0.0012 0.38 0.67 
5 (Re) 0.0005 0.47 0.82 
6 0.0005 0.51 0.89 


O.oO08 0.57 1.00 
O.oO08 0.63 1.11 


7 (RD 
8 (Rg2) 
9 (Saaonenins) 0.0011 0.71 1.25 


Total saponins = 0.0061%. Due to a different procedure and solvent system, 
the numbering of the ginsenmidm does not necessarily correspond to that in Table 
I. The solvent system was methanol-chloroform-I-butanoL (1:l:l). Relative 
RI values with ginsenoside Hf as standard. 


lowest (0.0061%) of any roots belonging to this genus that have been ex- 
amined in these laboratories. 


REFERENCES 


(1) M. L. Fernald and A. C. Kinsey, “Edible Wild Plants of Eastern 
North America,” Idlewild Press, Cornwall-on-Hudson, N.Y., 1958, p. 
284. 


(2) S. E. Chem and E. J. Staba, Lloydia, 41,361 (1978). 
(3) L. Liberti and A. H. Der Marderosian, J.  Pharm. Sci., 67, 1487 


(4) H. Otsuka, Y. Morita, Y. Ogihara, and S. Shibata, Planta Med., 
(1978). 


32.9 (1977). 


ACKNOWLEDGMENTS 


The authors thank Dr. J. Shoji, Showa University, Tokyo, Japan, for 
authentic samples of ginsenosides, Mr. Robert Montgomery and Mr. John 
Beutler, Tyler Arboretum, Delaware County, Pa., for dwarf ginseng plant 
materials, and Mr. Joseph Betz, Philadelphia College of Pharmacy and 
Science, Philadelphia, Pa., for the spectrodensitometric analysis of the 
ginseng extract. They also thank Bristol Myers, Industrial Division at 
Syracuse, N.Y., for use of their facilities. 


Selenium-Sulfur Analogs 111: 
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Abstract The We-labeled 4-substituted-1,2,3-selenadiazole analogs 
of two drugs that inhibit the adrenocorticosteroid llg- and 17~-hy-  
droxylase enzymes were prepared by the [76Se]selenious acid oxidation 
of the appropriate methyl ketone semicarbazones. The concentration 
of the radiolabeled compounds in the adrenal glands of rats over a 
0.25-24-hr period was determined and compared with that in the blood, 
liver, and kidneys. The concentration in the adrenal glands and the target 
to nontarget ratios were much lower than those reported for other adre- 


nocorticosteroid inhibitors. Therefore, these 1,2,3-selenadiazole agents 
do not have potential as adrenocorticosteroid imaging agents. 


Keyphrases 1,2,3-Selenadiazoles-synthesis and biodistribution of 
radiolabeled compounds as potential adrenocorticosteroid imaging agents 


Imaging agents, potential-radiolabeled 1,2,3-selenadiazoles, synthesis 
and biodistribution 


One current approach to the development of adrenal 
cortex imaging agents employs radiolabeled analogs of 
drugs that inhibit adrenocorticosteroid biosynthesis (1-3). 
Although Beierwaltes et al. (1-3) reported the in uiuo vi- 


sualization of the canine adrenal cortex with 13’I-labeled 
aminophenylethylamine, their studies suggested that ra- 
diolabeled derivatives of the 1 I@- and l7a-hydroxylase 
enzyme inhibitors might be more effective. Therefore, an 


0022-35491 8 11 0 100-009 1$0 7.001 0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 91 
Vol. 70. NO. 1, January 1981 







Table I-Percent of Injected Dose per  Organ of [76Se]-Ib following Intravenous Administration 


Organ 15 min 2 hr 6 hr 24 hr 


Liver 


Spleen 


Lungs 


Heart 


Small intestine 


Large intestine 


Kidneys 


Muscle 


Fat and fur 


Bone 


Blood 


37.62 
31.46-52.45a 


0.29 
0.21-0.40 


7.55 
6.0610.84 


0.24 
0.14-0.29 


13.43 
10.81-14.80 


1.46 
0.8ai.83 


2.02 
1.91-2.16 


14.20 
10.43-23.41 


15.59 
9.97-23.35 


2.81-6.92 


6.63-13.03 


4.61 


8.42 


36.72 
26.23-46.70 


0.31 
0.26-0.37 


4.99 
4.22-6.40 


0.23 
0.20-0.26 


17.20 
14.78-18.64 


3.30 
1.28-7.67 


4.60 


10.73 


% 7.90 


3.90 


9.65 


4.30-4.86 


6.86-15.09 


6.70-8.68 


2.68-6.86 


6.77-13.08 
Adrenal 0.03 0.03 


0.02-0.03 0.02-0.04 


Mean and range for four rats. 


attempt was made to utilize the structural similarity be- 
tween pyridine and the 1,2,3-selenadiazole groups and the 
properties of selenium 75. 


The 1,2,3-selenadiazolyl (Ib and IIb) and 1,2,3-thiadi- 
azolyl (Ic and IIc) analogs of two drugs, 2-(3-pyridyl)-2- 
methylpropiophenone (Ia) and 2-(3-pyridyl)-2-methyl- 
1-tetralone (IIa), that inhibit the l lp -  and 17a-hydrox- 
ylase enzymes, respectively (4,5),  were prepared. In this 
study, Ib  and IIb were radiolabeled and their biodistri- 
bution was determined in normal rats to evaluate their 
potential as adrenal cortex imaging agents. These analogs 
were selected rather than the thiadiazoles because they are 
synthesized easily and selenium 75 is readily available. 


EXPERIMENTAL 


General Method for Preparation of '%e-Labeled 4-Substi- 
tuted-1,2,3-selenadiazoles (I b and I1 b)-Five millicuries (0.5 ml) of 
[7SSe]selenious acid in 0.5 M HCl was added to a solution composed of 
25 pmoles of the semicarbazone, 26 wmoles of selenium dioxide, and 0.5 
mi of acetic acid (Schemes I and 11). The mixture was heated at 60' for 
1 hr, cooled, diluted with 2 ml of water, and extracted with ethyl acetate. 
The ethyl acetate layer was evaporated, and the residue was purified by 
alumina column chromatography with ethyl acetate as the eluent to yield 
the desired product (7.5 pmoles, 30%). Thin-layer radiochromatography 
on alumina or silica gel using ethyl acetate as the eluent indicated the 
presence of a single radioactive component (>98%), which comigrated 


IQ: R = 3-pyridyl 
Ib: R = 4-(1,2,3-selenadiazolyl) 
Ic: R = 4-(1,2,3-thiadiazolyl) 


IIa: R = 3-pyridyl 
IIb: R = 4-(1,2,3-selenadiazolyl) 
IIc: R = 4-(1,2,3-thiadiazolyl) 


~~ 


23.62 
19.73-27.40 


0.57 
0.39-0.80 


2.70 
2.45-2.90 


0.23 
0.20-0.26 


5.74 


12.59 


2.86 
2.64-4.19 


17.80 
8.36-23.31 


9.25 
5.08-1 1.76 


4.58 
3.97-5.45 


8.10 


3.98-7.74 


9.52-15.13 


~~ 


14.83 
12.85-16.85 


0.56 
0.48-0.63 


1.84 
1.61-2.02 


0.17 
0.13-0.21 


2.92 
2.64-3.14 


4.43 
2.54-6.97 


2.47 
1.94-3.21 


9.45 
8.22-11.31 


5.31 
4.09-7.16 


4.61 
3.98-5.82 


6.81 
6.66-8.86 5.32-8.42 


0.02 0.02 
0.01-0.03 0.01-0.03 


with an authentic sample prepared using the same procedure but without 
the [75Se]selenious acid and was characterized by IR and NMR spec- 
troscopy'. The radiolabeled product was dissolved in 2.0 ml of propylene 
glycol. Because of the chemical instability of the 1,2,3-selenadiazoles to 
heat and light, it was stored at 4O in the dark for subsequent biodistri- 
bution studies. 


Animal Studies-The biodistribution of the radiolabeled comoounds 
(Ib and IIB) was determined in outbred Wistar or Sprague-Dawiey rats 
of either sex (150-2OOg). The rats were lightly anesthetized with ether, 
and a propylene glycol solution of the radiopharmaceutical (0.1 ml, 7.5 
pCi) was injected into the femoral vein. Groups of three or four animals 
subsequently were sacrificed by ether asphyxiation at  0.25, 2.6, and 24 
hr after administration. 


Blood was obtained from a vein in the thoracic cavity. The organs of 
interest were carefully excised, weighed, and counted in a sodium iodide 
(Tl) y-well scintillation counter. The data were converted to the percent 
of injected dose per organ. The ratios of the agent concentration (percent 
of injected dose per gram) in the adrenal cortex (target organ) compared 
with that in the liver, kidneys, and blood (nontarget organs) were cal- 
culated. 


RESULTS AND DISCUSSION 


Chemistry-The [75Se]selenious acid oxidation of the appropriate 
methyl ketone semicarbazone (6-8) provided the desired 75Se-labeled 
4-substituted-1,2,3-selenadiazoles (Ib and IIb). Extraction with ethyl 


0 N-NHCONH2 


[ 


9 N 4  
GSe 


["Sel-Ib 
Scheme I 


N-NHCONH, 
H75Se0; 


CH,CO,H 
- ,I5Se & 


[ "Se]-IIb 
Scheme I I  


1 The analytical data were: Ib, IR (KBr): 1670 cm-I; NMR (CDCl3 + tetra- 
methylsilane): 6 1.88 (6H) and 9.00 (1H); and IIb, IR (neat): 1680 an-'; NMR 
(CDC13 + tetramethylsilane): 6 1.76 (3H) and 8.67 (1H). 
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Table XI-Percent of Injected Dose per Organ of ['%e]-II b following Intravenous Administration 


Organ 15 min 2 hr 6 hr 24 hr 


Liver 


Spleen 


Lungs 


Heart 


Small intestine 


Large intestine 


Kidneys 


Muscle 


Fat and fur 


Bone 


Blood 


Adrenal 


39.14 
35.54-43.17O 


0.27 
0.20-0.32 


5.57 
5.07-6.36 


0.41 
0.31-0.60 


18.31 
14.54-22.70 


2.76 


3.26 
2.32-3.13 


2.54-3.76 
9.49 


6.72-11.40 
12.04 


10.26-15.06 
2.63 


6.97 


0.04 


1.87-3.07 


6.76-7.15 


0.03-0.04 


27.90 
25.71-32.17 


0.30 


3.03 


0.26 
0.18-0.36 


17.04 
15.28-19.20 


2.22 
1.47-2.85 


3.39 
2.52-4.37 


15.19 
9.53-18.91 


12.91 


0.27-0.37 


2.54-3.40 


7.66-15.87 
4.66 


3.03-7.21 
4.17 


3.84-4.41 
0.03 


0.02-0.04 


18.78 
16.06-22.36 


0.40 
0.27-0.50 


3.25 
2.50-3.72 


0.18 
0.16-0.19 


8.30 
7.73-9.35 


15.29 
14.06-16.65 


3.87 
3.68-4.16 


16.86 
12.34-23.32 


13.05 
9.60-15.22 


8.97 
7.51-9.98 


6.68 
5.15-8.60 


0.04 
0.03-0.06 


10.31 
7.22-1 2.59 


0.35 
0.21-0.53 


2.12 
1.67-2.37 


0.16 
0.14-0.18 


3.88 
3.00-4.36 


2.64 
2.16-3.49 


2.11 
1.95-2.30 


9.32 
6.48-14.38 


7.99 
7.41-8.83 


5.23 
3.36-6.24 


5.23 
4.00-6.97 


0.03 
0.01-0.07 


a Mean and range for three rats. 


Table 111-Adrenal Uptake and Target to Nontarget Ratios for ['%e]-Ib and [76Se]-IIb 


Adrenal Uptake, Target to Nontarget Ratios 
Adrenalniver AdrenalIBlood 


Ib  n Time Ib IIb Ib IIb IIb 
% of injected dose/n Adrenal/Kidney 


15 min 1.07 0.62 1.07 0.59 0.30 0.25 2.10 2.20 
2.31 
1.84 
1.69 


0.65 1.24 0.27 0.45 0.19 0.23 1.25 2 hr 
0.57 1.50 0.40 0.46 0.26 0.36 1.08 6hr  


24 hr 0.75 1.09 0.47 0.62 0.37 0.56 1.42 


acetate followed by column chromatographic separation gave the prod- 
ucts, isolated in 10-30% radiochemical yield, with >98% radiochemical 
purity. The specific activity of the material varied from 60 to 220 mCi/ 
mmole. The 75Se-labeled selenadiazoles were dissolved in propylene glycol 
and stored in the dark at 4' for use in the biodistribution study. 


Animal Studies-The deposition and excretion patterns of [76Se] -1b 
and [75Se]-IIb were similar (Tables I and 11). For each agent, the liver was 
the primary site of localization at all time periods examined with signif- 
icant percentages in the muscle, fat, and fur. Blood levels remained high 
over the 24-hr period, and only 50% of the label was excreted in that time. 
Unfortunately, the adrenal uptake of Ib was 0.57-1.07% of the injected 
dose/g and that of IIb was 0.56-1.51% of the injected dose/g, and these 
values are much lower than those reported for other labeled adrenocor- 
tical enzyme inhibitors (1-3). The adrenal to liver and adrenal to kidney 
values (Table 111) for the 75Se-labeled compounds both were <1, whereas 
the corresponding values for the other labeled inhibitors were 2-11 and 
3-20. The lack of localization and selectivity and the slow clearance of 
the label from the Vody indicate that the We-labeled 4-substituted- 
1,2,3-selenadiazoles (Ib and IIb) do not possess the characteristics nec- 
essary for adrenal imaging agents. 


Two factors may contribute to the failure of these compounds to io- 
calize adequately in the adrenal cortex. First, the compounds may not 
be sufficiently selective for the adrenal cytochrome P-450-linked hy- 
droxylase enzymes relative to the hepatic cytochrome P-450-linked 
metabolic enzymes. Second, metabolism of the 1,2,3-selenadiazoles by 
the liver may result in the deposition in the organ of selenium 75, which 
is only slowly excreted. 


The results of this study suggest that subsequent work should be di- 
rected toward the synthesis of more chemically stable selenium-con- 


taining compounds that possess greater selectivity for the adrenal 
cortex. 
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Abstract 0 A convenient spectrophotometric method was developed 
for the determination of dimenhydrinate in bulk drug and dosage forms 
and in 1:l combinations with aspirin, acetaminophen, meprobamate, 
phenylephrine, and tolbutamide. The method consisted of reacting di- 
menhydrinate with reinecke salt in an acidic medium at  27 f 2'. The 
purple precipitate was filtered and dissolved in acetone, and the maxi- 
mum color absorption attained in 15 min was measured at  540 nm. Evi- 
dence is provided to establish the optimal experimental parameters. The 
stoichiometric balance of the precipitate was determined. Reasonably 
ideal adherence of the color absorption pattern to the Beer-Lambert law 
permitted microdetermination of dimenhydrinate in pure form, com- 
mercial formulations, laboratory-made combinations, and recovery ex- 
periments with good accuracy and repeatability. No interference was 
observed with any of the drugs or tablet adjuvants. 


Keyphrases 0 Dimenhydrinate-spectrophotometric determination 
with reinecke salt Spectrophotometry-determination of dimenhy- 
drinate with reinecke salt Reinecke salt-determination of dimenhy- 
drinate, spectrophotometry 


Dimenhydrinate is assayed by official methods (1-3) by 
estimating diphenhydramine and 8-chlorotheophylline 
individually. It also has been determined in pharmaceu- 
ticals by gas-phase chromatography (4), an argentome- 
trical method (51, UV absorption (6), complexation with 
phosphomolybdic acid followed by reduction with ascorbic 
acid in acetone to molybdenum blue (7), and a sili- 
cotungstic acid method followed by gravimetry (7). 


The present study investigated reinecke salt as a useful 
precipitant (8) for the spectrophotometric estimation of 
dimenhydrinate in pure forms, dosage formulations, and 
laboratory-made combinations. The study investigated 
color stability, effect of temperature on the colored pre- 
cipitate, influence of pH on absorbance of the precipitate 
in acetone solution, determination of the stoichiometric 
balance, establishment of an absorbance-wavelength re- 
lationship, and recovery with various combinations. Ad- 
herence to Beer's law was found within a range of 200-1000 
pg/ml. 


EXPERIMENTAL 


Instruments and Materials-A single-beam spectrophotometer', 
a pH meter2 fitted with a sealed calomel electrode, a shielded glass elec- 
trode, and a suitable thermostated3 water bath were used. 


Pharmaceutical grade dimenhydrinate, aspirin, acetaminophen, me- 
probamate, phenylephrine, and tolbutamide were employed as the 
working standards. 


The commercial preparation analyzed was dimenhydrinate tablets4. 
For drug combinations, aspirin, acetaminophen, meprobamate, phen- 
ylephrine, and tolbutamide were mixed with dimenhydrinate in a 1:l 
ratio. 


The following reagents were used ammonium nitrate solution5 (10% 
w/v). Saturated reinecke salt solution6 (3 X M), ammonium thio- 


S ectronic 20, Bausch & Lomb. 2 Jurgen & Co., Bremen, West Germany. 
Gallenkamp. 
Contained 50 mg of dimenhydrinate. 
B.D.H. Chemicals, Poole, En land. 
E. Merck, Darmstadt, West termany. 


0.060 


0.050 
W 


0.010. 


a 
-5' 0" 5' 10' 15' 20'' 25' 30° 35O 40' 45' 


TEMPERATURE 


Figure 1-Plot showing the absorbance versus temperature of di- 
menhydrinate with reinecke solt at 540 nm between -5 and +45'. 


cyanate6 (0.01 M), ferric ammonium sulfate solution indicator5, hydro- 
chloric acid5 (0.1 and 0.01 M), methylene blue solution indicatol.6, silver 
nitrate solution5 (0.01 M), and sodium hydroxide solution6 (0.1 and 0.01 
M, 20% w/v). 


For the standard solution, dimenhydrinate (0.5 g) was dissolved in 100 
ml of methanol6 (analytical reagent). 


Sample Preparation-An equivalent weight of a single-powdered 
tablet from a composite of 20 tablets was placed in a 50-ml volumetric 
flask and dissolved in 20 ml of methanol; then 0.5 ml of concentrated 
hydrochloric acid was added. The mixture was allowed to stand for 20 
min with intermittent shaking. It was filtered through filter paper7 into 
a dry 50-ml volumetric flask and brought to volume by rinsing with 
methanol. 


Procedure-Twenty milliliters of the standard (or of the appro- 
priately prepared sample) solution was transferred to a 100-ml volumetric 
flask. To it was added 0.5 ml of hydrochloric acid followed by 50 ml of 
saturated reinecke salt solution. The contents were shaken vigorously 
for 5 min. The precipitate was filtered through a sintered-glass crucible 
(G4) and washed with 10 ml of chilled 0.02% (w/v) aqueous solution of 
reinecke salt. Then the precipitate was dried in a vacuum desiccator, 
dissolved in acetone, and transferred quantitatively to a 50-ml volumetric 
flask. It was brought to volume with acetone (stock). Appropriate dilu- 
tions were made, and the solution was transferred into a cell. Absorbance 
was determined at  540 nm uersus a blank prepared from 20 ml of meth- 
anol and treated identically. 


RESULTS AND DISCUSSION 


Dimenhydrinate purity was ascertained by BP methods (1) and found 
to be 97.5 f 0.5%. The absorbances of the colored precipitate were mea- 
sured a t  various wavelengths ranging from 400 to 650 nm. The maximum 
absorbance was at 540 nm. The stability of the dimenhydrinate-reinecke 
salt precipitate determined at  27 f 2' was >2 hr. 


The effect of temperature on the formation of the colored precipitate 
was investigated using a constant-temperature water bath ranging from 
-5 to +5O; a 1.5 X lod3 M methanolic solution of dimenhydrinate and 
a 1.5 X M aqueous solution of reinecke salt (Fig. 1) were employed. 
Figure 1 shows two near-plateau regions, one from -5 to 7.5' and the 
other from 15 to 30'. The experiments were carried out a t  room tem- 
perature (27 f 2'). 
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Table I-Average Percentage of Dimenhydrinate in Laboratory- 
Made Mixtures and in Commercial Samples by Proposed Method 
and BP Method 


Mixture (M) (1:l) 


Dimenhydrinate + aspirin (MI) 
Dimenhydrinate + acetaminophen (M2) 
Dimenhydrinate + meprobaqate (M3) 
Dimenhydrinate + phenylephrine (M4) 
Dimenhydrinate + tolbutamide (Ms) 
Commercial tabletb TI 
Commercial tabletb T2 


Proposed 
Method 


%“ &SD 
Mean, 


99.32 0.82 
99.76 0.36 
98.88 0.39 
99.76 0.37 
99.32 0.31 


101.86 0.64 
100.53 0.47 


BP Method 
Mean, 


%” f S D  


98.48 1.06 
98.93 0.31 
98.70 0.65 
98.82 0.08 
99.71 0.19 


101.16 0.80 
100.44 0.48 


Average of four determinations. * Each tablet contained 50 mg of dimenhy- 
drinate. 


The effect of pH (1.60-11.20) on the absorbance of the colored pre- 
cipitate (in acetone) was studied. Hydrochloric acid was used to vary the 
pH from 4.10 to 1.60, and dilute ammonia solution was used to vary it 
from 4.10 to 11.20. However, absorbance was not affected within a pH 
range of 2.85-8.30. 


The stoichiometric balance was determined by Job’s method of con- 
tinuous variation (9) and a slope-ratio method (10). In Job’s method, the 
maximum absorbance was obtained when Vll(V1 + V2) = 0.33, which 
indicated the formation of the dimenhydrinate-reinecke salt precipitate 
in a 1:2 molar ratio. In the slope-ratio method, the slope1 and slopel 
values were 0.0027586 and 0.0014210 ml-l, respectively. Hence, sloped 
slope2 for the precipitate was nearly equal to 2, thereby suggesting a 1:2. 
molar ratio. 


Reinecke salt had a solubility in water of 1 in 52. Therefore, 50 ml of 
a saturated aqueous solution of reinecke salt was added to a 20-ml aliquot 
of a methanolic solution of dimenhydrinate to establish the 1:2 molar ratio 
requirement for maximum precipitation of dimenhydrinate. 


Table 11-Recovery Experiments by Proposed Method 


Corresponding 
Quantity of Concentration 


Dimenhydrinate of Dilution 
Mixture Added, Measured, 


or Tablet e a %  Mean, %” f S D  


Mi 0.600 
M2 0.025 


0.020 


0.096 99.36 0.40 
0.075 99.12 0.66 
0.072 99.01 0.76 
0.093 99.36 0.12 
0.081 98.69 0.52 
0.033 99.93 1.17 
0.036 99.41 0.64 


0 Average for four determinations. 


After the optimal experimental conditions for the maximal precipi- 
tation of dimenhydrinate-reinecke salt were established, the Beer’s plot 
was obtained by employing the stock solution of the dimenhydrinate- 
reinecke salt precipitate in acetone. It obeyed Beer’s law in the concen- 
tration range of 200-1000 pglml. With the least-squares method, the 
calibration curve from the data obtained can be described by the following 
regression equation: A = 0.0045 + 1.905C, where the regression coefficient 
is 0.999. 


Five laboratory-made mixtures and two commercial tablet samples 
containing dimenhydrinate were subjected to analysis by the proposed 
method and the BP method (1) (Table I). 


The activity of phenylephrine was checked directly with the reagent 
under identical experimental conditions and was found not to react. 


To justify the repeatability of the proposed method, known amounts 
of pure dimenhydrinate were added to preanalyzed samples of mixtures 
and dosage forms and reassayed by the proposed method (Table 11). 


The presence of either pure drugs, i.e., aspirin, acetaminophen, me- 
probamate, phenylephrine, and tolbutamide, or tablet adjuncts like 
starch, lactose, talc, and magnesium stearate in the quantities used caused 
no detectable interference in the proposed method. The analyses of two 
commercial products and the efficient percentage recoveries and sig- 
nificant reproducibility obtained suggest the feasibility of utilizing the 
proposed method for the quantitation of dimenhydrinate. 
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Abstract The equilibrium reaction of zolazepam, a pyrazolodiazepi- 
none, was studied and analyzed using the approath‘used previously for 
other pyrazolodiazepinone derivatives. The intrinsic ring closure equi- 
librium constant for this reaction was -100 times larger than that ob- 
served for pyrazolodiazepinones studied previously. This study illustrates 
that the diazepinone ring can dominate in equilibrium mixtures formed 


The characteristics of the equilibrium reaction of certain 
pyrazolodiazepinones were reported previously (1). This 


a t  pH values far below the pKa of the corresponding open form. 


Keyphrases 0 Zolazepam-analysis of equilibrium reaction 0 Struc- 
ture-activity relationships-equilibrium reaction of zolazepam 0 Py- 
razolodiazepinones-equilibrium reaction of zolazepam 0 Equilib- 
rium-analysis of zolazepam in reaction 


study was an extension of that work and concerned the 
equilibrium behavior of zolazepam, 4-(0 -fluorophen- 
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doxorubicin (150 ng/ml) were used as the internal standards, respectively. 
Samples were assayed according to the procedure of Averbuch et al. (3), 
except that new columns (lot 100302) were used with the hexane-ethylene 
chloride-methanol-acetic acid-water mobile phase system. The assay 
sensitivity (signal strength of >2.5 times baseline noise) was 5 and 1 
ng/ml, respectively. In both cases, the response was linear to 200 ng/ml 
(highest concentration tested). The correlation coefficient for six points 
was >O.% for both assays. Retention times for several anthracyclines and 
other fluorescent compounds were determined (Table AI). 


The aminocyanosilica column is effective in separating highly polar 
compounds and is almost free of solvent memory. It is unfortunate that 
a change in silica gel manufacture caused a substantial change in oper- 


ating characteristics with respect to the anthracycline assay. However, 
if the appropriate mobile phase is used, depending on lot number, then 
this column continues to be useful to anthracycline research. 


(1) P. A. Harris and B. Gudauskas, in “Whatman Liquid Chroma- 
tography Product Guide,” Bull. 123, Whatman, Clifton, N.J., 1977, p. 
22. 


(2) M. Israel, W. I. Pegg, P. M. Wilkinson, and M. B. Garnick, J.  Liq. 
Chromatogr., 1,795 (1978). 


(3) S. D. Averbuch, T. T. Finkelstein, S. E. Fandrich, and S. D. Reich, 
J.  Pharm. Sci.. 70,265 (1981). 
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Abstract Absorption of tetracycline hydrochloride (500 pglml) from 
oxygenated modified Krebs buffer in randomized everted rat jejunal 
segments was determined alone and in the presence of calcium, poly- 
sorbate 80, and calcium plus polysorbate 80. Surfactant increased ab- 
sorption of tetracycline in the presence and absence of calcium, with 
0.01% (w/v) polysorbate 80 increasing transfer to the greatest extent of 
the concentrations examined (0.005,0.01,0.05,0.1, and 1%); tetracycline 
hydrochloride + 12.5 mM CaC12, 143 f 45 pg/ml; tetracycline hydro- 
chloride + polysorbate 80, 389 f 18 pg/ml; tetracycline hydrochloride 
+ 12.5 mM CaC12 + polysorbate 80,255 f 31 pg/ml. On the premise that 
the effective surfactant concentration is similar to the critical micelle 
concentration, an absorption mechanism based on micellar solubilization 
is postulated. 


Keyphrases Tetracycline-absorption, effect of polysorbate 80, 
everted rat intestine Polysorbate 80-effect on tetracycline absorption 
across everted rat intestine Surfactants-effect of polysorbate 80 on 
tetracycline absorption across everted rat intestine 


Tetracycline is a widely used antibiotic. Its serum level 
should not fall below the minimum inhibitory concentra- 
tion (MIC), usually between 0.1 and 1.5 pg/ml, for most 
bacterial strains. Occasionally, this concentration is dif- 
ficult to maintain due to decreased absorption caused by 
other drugs or divalent and trivalent cations present in the 
GI tract (1-3). The intestinal absorption of most tetracy- 
clines is rapid but incomplete, and the absorption mech- 
anism is poorly understood (4,5). 


Physicochemical interactions in the gut are not un- 
common and, at least pharmacokinetically, seem to be the 
most important form of interaction affecting the absorp- 
tion of tetracycline derivatives. Chelation of tetracycline 
with polyvalent cations, which has been well documented, 
is the most common reaction that decreases tetracycline 
absorption. In addition to forming direct tetracycline- 
metal complexes, tetracycline binds to both nucleic acids 
and proteins, with the binding mediated by divalent cat- 
ions such as zinc, calcium, and magnesium. 


Recently, the role of endogenous and exogenous sur- 


factants in drug absorption experiments was explored (6, 
7). In some instances, the addition of surfactants enhanced 
drug absorption (8). 


Since decreased tetracycline absorption presents a 
clinical problem, often requiring alteration of food and 
medications, a method of optimizing tetracycline ab- 
sorption to avoid the present restrictions would be valu- 
able. Surfactants may enhance tetracycline absorption to 
an acceptable level, even in the presence of divalent ions; 
if so, they may prove to be a valuable additive to oral dos- 
age forms. 


This investigation determined the effects of surfactants 
on tetracycline absorption from the rat everted gut sac to 
obtain information on the enhancement of tetracycline 
transport and the tetracycline transport mechanism. 


EXPERIMENTAL 


Intestine Preparation-An everted intestinal sac technique (9,lO) 
was used. The solution on the inside of the sac is referred to as the serosal 
solution, and the solution in which it is incubated is called the mucosal 
solution. 


Seven male white Holtzman rats, 175-200 g, were fasted overnight 
(20-24 hr), but water was not withheld prior to the experiment. The an- 
imals were anesthetized with ether and then killed by stunning and cer- 
vical fracture. The jejunum was removed and rinsed immediately with 
several portions of cold normal saline and everted on a thin glass rod. 
After eversion, the jejunum was washed in cold normal saline and cut into 
seven segments of 5-cm length. Segments of the rat intestine were selected 
randomly for the different treatment groups. 


Sacs of everted intestine were prepared by tying one end tightly and 
the other end loosely with fine thread. Then 0.5 ml of buffer was intro- 
duced inside the sac with a 1-ml syringe fitted with a blunt needle. The 
loose ligature was tightened, and the buffer-filled sacs then were trans- 
ferred immediately to 25-ml erlenmeyer flasks containing 15 ml of buffer 
mixed with tetracycline hydrochloride1, 0.5 gAiter with or without the 
additives. Control sacs were placed in buffer alone. The other five sacs 
were incubated in buffer to which 0.005,0.01,0.05,0.1, or 1% (w/v) pol- 


1 Lot 6 X090-71000, Pfizer Laboratories, New York, N.Y.  
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RESULTS 


Effect of Different Polysorbate 80 Concentrations on Tetracy- 
cline Absorption across Everted Rat Gut Sac-In the presence of 
polysorbate 80, tetracycline movement across the intestine increased 
-20-40% (Table I). The intestinal transfer rate of tetracycline incwased 
inversely with the concentration of polysorbate 80 added. The surfactant 
concentration that enhanced tetracycline absorption the most across the 
intestine appeared to be 0.01%. A 55% increase ( p  < 0.05) in transport 
was observed when compared with tetracycline alone in the incubation 
medium after 60 min (Table 11). Each difference was significantly dif- 
ferent from tetracycline alone (p < 0.05) except for the 1% (w/v) con- 
centration. 


Tetracycline Transfer across Everted Rat  Gut Sac in Presence 
of Calcium and Surfactant-Calcium chloride decreased tetracycline 
transfer across the intestine by 43.0% ( p  < 0.05) in the absence of sur- 
factant and by 34.4% ( p  < 0.05) in the presence of surfactant. With cal- 
cium reducing the intestinal transfer of tetracycline and surfactant en- 
hancing it, tetracycline transferred in the presence of both calcium and 
surfactant together was approximately normal (Table 11). 


Effect of Polysorbate 80 on Tetracycline Transfer across Everted 
Rat Intestine-Two kinetic studies were conducted on the data obtained 
on the effects of polysorbate 80 on tetracycline absorption across rat 
everted gut sacs. In the first, the data were plotted as a first-order reac- 
tion. In this experiment, the time for peak absorption was 60 min (Fig. 
l), with further prolongation of incubation resulting in decreased ab- 
sorption. Therefore, 60 min was selected as the maximal time plotted. 
Results of this plot correlated well with theoretical requirements of a 
first-order process (Fig. 1). A straight line was obtained, and computation 
of the correlation coefficient of the line by linear regression gave an r value 
of 0.975. 


To determine goodness-of-linear-fit for second-order kinetics, the same 
data on tetracycline absorption were tested as a second-order kinetic 
process, resulting in a correlation coefficient of 0.482 thus, the good- 
ness-of-linear-fit for a second-order process was poor. 


Table I-Effect of Different Polysorbate 80 Concentrations on 
Tetracycline Absorption across Everted Rat  Gut Sac 


Treatment 


Tetracycline 
Absorbed, 


d m l  


Tetracycline 241 f 25O 
Tetracycline + 0.005% (w/v) polysorbate 80 
Tetracycline + 0.01% (w/v) polysorbate 80 
Tetracycline + 0.05% (w/v) polysorbate 80 
Tetracycline + 0.1% (w/v) polysorbate 80 
Tetracvcline + 1% (wlv) Polvsorbate 80 


283 f 19 
345 f 23 
333 f 14 
315 f 25 
283 f 28 


a Mean f SE 


Table 11-Effect of Calcium Chloride on Inhibition of 
Tetracycline Transfer in Everted Rat Gut Sac 


Tetracycline 
Transferred, 


Treatment Pdml 


Tetracycline 251 f 25" 
Tetracycline + 12.5 mM CaC12 
Tetracycline + polysorbate 80 
Tetracycline + 12.5 mM CaCl2 + polysorbate 80 


Mean f SE. 


143 f 45 
389 f 18 
255 f 31 


ysorbate 802 had been added. The solutions were gassed with oxygen, and 
the flasks were stoppered, transferred into a shaker-incubator3, and in- 
cubated at 37O for 1 hr. They were taken out and opened, and the contents 
were placed into tubes for later tetracycline determination. The mucosal 
solution pH never rose above 7.7. 


The buffer was pH 7.4 modified Krebs bicarbonate buffer free of cal- 
cium and magnesium as described by Mayersohn and Gibaldi (11). It 
contained, in millimolar concentrations: NaCl, 122; KCl, 5; KHzPOd, 1; 
and NaHC03,26. The mucosal and serosal solutions were identical except 
for the presence of drug and surfactant in the mucosal solution. 


Two kinds of experiments were done. In one, tetracycline absorption 
in the presence of calcium and surfactant was studied; the other involved 
the kinetics of surfactant effects on the passive transfer of tetracycline 
across the everted rat intestine. In the first, the mucosal solutions, except 
in one control experiment, contained 0.5 mg of tetracycline/ml. The so- 
lutions to which five sacs per rat were exposed were: ( a )  tetracycline alone; 
( b )  tetracycline with calcium chloride, 12.5 mM; ( c )  tetracycline with 
surfactant, 0.01% (w/v) polysorbate 80; (d) tetracycline with both calcium 
chloride and polysorbate 80; and ( e )  control, containing only buffer. 


Fluorometric Assays-The fluorometric assays were performed by 
a modification of the method of Hall (12). To the contents of each sac, 
0.5 ml of 0.1 M HCl was added and mixed thoroughly. Then 0.5 ml of 0.75 
M aluminum chloride4 was added, and the tubes again were mixed 
thoroughly by shaking. After incubating for 15 min at room temperature, 
fluorescence was measured in a spectrophotofluorometer5 at 400-nm 
excitation and 465-nm emission. A fluorescence standard curve was 
obtained by plotting fluorescence intensity against calibrator concen- 
trations and computing the line of best fit by least-squares regression 
analysis ( y  = 7 5 0 ~  + 45, r = 0.99). Means and standard errors of each 
group were determined in each experiment. Lines of best fit and corre- 
lation coefficients were determined, and the differences in transfer were 
compared by the Student t test (using t independent with one-tail 
comparisons). 


The second group of experiments were carried out as follows. Eight gut 
sacs were prepared from each rat intestine. Twelve rats were divided into 
two groups of six rats each. One group had only 0.5 mg of tetracycline/ml 
in the mucosal solution. The other group had 0.01% (w/v) polysorbate 
80 in addition to tetracycline. Sacs then were incubated in the shaker- 
bath for preassigned times. At 5,10,20,30,40,50, and 60 min, one sac was 
removed from the shaker bath for fluorometric assay to determine the 
amount of tetracycline transferred during each period. 


The reciprocal of tetracycline concentration and the log of tetracycline 
concentration were plotted against time to determine whether the ab- 
sorption followed first- or second-order kinetics. 


Lot 11-78297, Tween 80, Sargent-Welch Scientific Co., Skokie, Ill. 
Shaker-bath model 50, GLA Precision Scientific Co., Chicago, Ill. 
Lot 45,572, J. T. Baker Chemical Co., Phillipsburg, N.J. 
Aminco-Bowman, American Instrument Co., Silver Spring, Md. 


DISCUSSION 


The mechanism of intestinal tetracycline absorption has yet to be 
elucidated. The results of Pindell et al. (4) suggested that tetracycline 
is absorbed by passive diffusion. However, Levine et al. (5) observed that 
tetracycline absorption might not occur by passive diffusion alone. 


400 1 
: 


MINUTES 


Figure 1-Effect of 0.01 5% (w/u) polysorbate 80 on tetracycline ab- 
sorption across the euertedgut sac. Key: ., tetracycline alone; 0 ,  tet-  
racycline with polysorbate 80 (0.01 % WID); and A, tetracycline with 
polysorbate 80 (0.01 5% w/u). 
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Banerjee and Chakrabarti (10) suggested that the mechanism was not 
active transport or simple passive diffusion. They postulated that tet- 
racycline was absorbed as its zwitterion and shared a common route with 
glucosamine. Glucosamine has been shown to be carrier mediated uia 
facilitated passive diffusion. 


Tetracycline exists mainly as the charged species over the entire pH 
range of the alimentary tract. Perrin and Vallner (13) stated that tetra- 
cycline is therapeutically active when given orally and, therefore, must 
be absorbed as a charged species. These investigators showed that tet- 
racycline and its derivatives can be absorbed from the rat stomach as the 
protonated species apparently by passive diffusion. In their studies, the 
absorption was linked to the surface activity of tetracycline rather than 
to its lipid solubility. The greater the surface activity of the tetracycline 
derivative, the higher was the absorption rate. 


In the present study, to determine further the mechanism of intestinal 
tetracycline absorption, dextrose was excluded from the incubation 
medium to eliminate or reduce greatly any active transport processes. 
Since absorption took place regardless of this energy source deficiency, 
tetracycline was transferred across the intestine by methods other than 
active transport. 


Intestinal tetracycline absorption, when polysorbate 80 was added to 
the medium, was enhanced at every polysorbate 80 concentration except 
at 1%, with 0.01% causing optimum absorption. This low concentration 
approximates the critical micelle concentration (CMC) of polysorbate 
80 in physiological fluids, and this finding suggests an influence of micelle 
formation on tetracycline absorption. The CMC for polysorbate 80 so- 
lutions was reported for distilled water (14) as 0.6 x M. Further 
evidence of micelle-mediated absorption can be seen as a surface tension 
decrease during micelle formation and as an interfacial absorption in- 
crease. Above the CMC, surface tension remains relatively constant; 
therefore, less enhancement of tetracycline absorption at  the higher 
polysorbate 80 concentrations tends to indicate the necessity of micelles 
for absorption. This postulation is in agreement with Perrin and Vallner’s 
(13) surface activity absorption relationship and further substantiates 
the previous suggestion that tetracycline absorption is passive. 


The enhancing effect by polysorbate 80 on tetracycline absorption may 
be due to the increase in drug solubility and the low viscosity in the me- 
dium. Both could be the end results of micelle formation in the medium. 
Said et al. (8) noted that the increased solubility and absorption of 
griseofulvin was achieved in aqueous solution by surfactant addition. 
Shozo et al. (15) found that tetracycline was better absorbed from low 
viscosity than from high viscosity media. 


In these studies, pH probably had little effect on absorption since pH 
was controlled closely. The initial pH was 7.4; a t  the end of the experi- 
ments, it did not exceed 7.7. Tetracycline has three pKa values (16). The 
amount of the unionized species at pH 7.4 is 8 X M for the group with 
a pKa of 3.3.5.6 X 
M for the group with a pKa of 9.7, assuming a 1 M solution of total tet- 
racycline. The ratio of the completely unionized molecules to the ionized 
molecules was 5.72 X It is unlikely that this small number of mol- 
ecules could contribute much to the intestinal tetracycline transfer. 
Therefore, solubilization of the ionized form seems to be involved in the 
enhanced absorption. 


It is also unlikely that the differences in the media pH contributed to 
differences in absorption. One reason is that the pH changes were random 
and could not have influenced absorption in a single direction. Another 


M for the group with a pKa of 7.7, and 3.5 X 


reason is that the ratio of molecules existing in the unionized forms in 
either case seems to be negligibly small (at pH of 7.4,2.2 X 10; at pH of 
7.7,1.8 X 10). Thus, pH should have little effect on absorption. In uiuo, 
however, the effects of pH changes may be more important. 


The addition of polysorbate 80 probably does not alter any chelation 
between tetracycline and calcium because chelation is a direct drug-metal 
reaction (17). The lower tier of the tetracycline molecule contains binding 
sites that chelate readily with calcium to form six-membered rings. Al- 
though calcium reduced intestinal tetracycline transfer in the presence 
of surfactant, tetracycline was transferred in the presence of both calcium 
and surfactant. This result may have been due to increased tetracycline 
solubility, which made more drug available for absorption despite the 
fact that some drug had become less available due to chelation with cal- 
cium. 


To reconfirm and elucidate the fact that polysorbate 80 exerts an effect 
on tetracycline that is absorbed, the absorption data were treated as fint- 
and second-order reactions. A straight line was obtained on only the 
first-order reaction plot. 


Hence, although from the previous discussion one would think that 
the micelle is intimately involved in tetracycline transfer across everted 
gut, the micelle apparently does not act as a kinetic partner with tetra- 
cycline. If it did, a second-order kinetic plot would be linear. The linearity 
of the first-order plot indicated a monomolecular passive transfer that 
is dependent only on a single species: tetracycline. This result is possible 
if tetracycline is picked up into the micelle and diffused out of the micelle 
in a purely physical fashion. The micelle then could act as a corridor for 
tetracycline diffusion. 
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Abstract 3-Substituted-4-oxothiazolin-2-yl-(l~phthalazinyl)hy- 
drazones, 3-substituted-4-oxo-5,6-dihydro-1,3-thiazin-2-y1-(1- 
phthalazinyl)hydrazones, and 2-substituted-amino-5-oxo-4-(l-phthal- 
azinyl)-6-hydro-1,3,4-thiadiazines were prepared and tested for their 
anticonvulsant activity. Some compounds showed weak to moderate 
anticonvulsant activity. 


Keyphrases 0 Anticonvulsants, potential-thiazoles, thiazines, and 
thiadiazines formed from 1-phthalazine thimemicarbazides, synthesis 
and evaluation for activity 0 Thiazoles-synthesis from 1-phthalazine 
thiosemicarbazides, evaluation for anticonvulsant activity 0 Thia- 
zines-synthesis from 1-phthalazine thiosemicarbazides, evaluation for 
anticonvulsant activity Thiadiazines-synthesis from 1 -phthalazine 
thiosemicarbazides, evaluation for anticonvulsant activity 


Various pharmacological properties have been shown 
to be associated with thiazolidone derivatives. These 
properties include anticonvulsant (1-4, anesthetic (5), and 
hypnotic (6) activities. Anticonvulsant activity also has 
been reported for compounds having a hydrazino or hy- 
drazine moiety (1,7). These observations prompted the 
synthesis of 3-substituted-4-oxothiazolin-2-yl-(l-phtha- 
1azinyl)hydrazones (11 and 111), 3-substituted-4-0~0- 
5,6-dihydro- 1,3- thiazin-2-yl- (1 -phthalazinyl)hydrazones 
(IV), and 2-substituted-amino-5-oxo-4-( 1-phthalaziny1)- 
6-hydro-l,3,44hiadiazines (V) for evaluation of their 
ant iconvulsan t activity , 


EXPERIMENTAL’ 


The synthetic routes are illustrated in Scheme I. 
4-Substituted-1-( 1-phthalaziny1)thiosemicarbazides (1)-A so- 


lution of the appropriate isothiocyanate (0.01 mole) in ethanol (10 ml) 
was mixed with a solution of 1-hydrazinophthalazine hydrochloride (0.01 
mole) and sodium bicarbonate (1.1 g) in ethanol (10 ml). The mixture was 
refluxed for 30 min, treated with sufficient hot water to dissolve the in- 
organic salts, and set aside overnight, after which the thiosemicarbazide 
was separated as crystals. 


3-Substituted -4- oxothiazolin-2-yl-( 1-phthalaziny1)hydrazones 
(11)-Method A-A solution of I (0.01 mole) and ethyl bromoacetate 
(0.01 mole) in ethanol (25 ml) was refluxed for 2 hr. The solvent was re- 
moved under reduced pressure, and the residue was dissolved in water 
and neutralized with sodium carbonate solution. The crude product 
obtained was recrystallized from the proper solvent. 


Method B-To a mixture of sodium ethoxide (0.01 mole) and I (0.01 
mole) in absolute ethanol (25 ml) was added dropwise, with stirring, ethyl 
hromoacetate (0.01 mole) in absolute ethanol (5 ml). The reaction mixture 
was refluxed for 1 hr and concentrated. The crude product obtained was 
purified by recrystallization from the proper solvent. 


Compounds obtained by this method were identical with those pre- 
pared following Method A as confirmed by their melting points, mixed 
melting points, IR spectra, and TLC analysis (Table I). 


3 - Substituted-4-oxo-5-methylthiazolin-2-yl-( I-phthalaziny1)- 


Melting points were determined in open glass capillaries and are uncorrected. 
111 spectra were taken as Nujol mulls with a Beckman IR 4210 spectrophotometer. 
Microanalyses were erformed at the Microanalytical Unit, Faculty of Science, 
University of Cairo, tairo, Egypt. 


hydrazones (111)-This series of compounds was prepared following 
Method A, using ethyl 2-bromopropionate in place of ethyl bromoacetate 
(Table I). 
3-Substituted-4-oxo-5,6-dihydro -1,3- thiazin-2-yl-( l-phthalazin- 


y1)hydrazones (1V)-A solution of I (0.01 mole) and ethyl 3-bromo- 
propionate (0.01 mole) in ethanol (25 ml) was refluxed for 2 hr and then 
concentrated and allowed to crystallize. The crude crystals were purified 
by recrystallization from the appropriate solvent (Table 11). 


2-Substituted-amino-5-0x0 -4- (l-phthalazinyl)-6-hydro-1,3,4- 
thiadiazines (V)-A mixture of I (0.01 mole) and ethyl bromoacetate 
(0.01 mole) in concentrated hydrochloric acid (25 ml) was refluxed for 
1 hr. The precipitate formed after cooling was filtered and recrystallized 
from absolute ethanol-ether (Table 111). 


RESULTS AND DISCUSSION 


Chemistry-The synthesis of some 4-substituted-l-(l-phthala- 
ziny1)thimemicarbazides (I) was reported previously. It was accomplished 
through the reaction between hydralazine and the appropriate isothio- 
cyanate in ethanol. 


Cyclization of thiosemicarbazides with a-halo carbonyl compounds 
was a subject of controversy. It was reported (9) that condensation of a 
thiosemicarbazide with an a-halo carbonyl compound may result in the 
formation of one or more five- or six-membered heterocyclic isomers. The 
hydrogen-ion concentration of the medium, the type of substituent 
present, and temperature favor the formation of specific structural iso- 
mers (10). Cyclization of a thimemicarbazide with phenacyl bromide (11) 
or chloroacetone (9) might produce a thiazole, a thiazoline, or a thiadi- 
azine. With phenacyl bromide, the stable ring was the thiadiazine, while 
with chloroacetone, the thiazoline was more stable (12). On the other 
hand, thiosemicarbazides in the presence of sodium ethoxide reacted with 


I N 


v 
Scheme I 
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Table I-3-Substituted-4-oxothiazolin-2-yl-( 1 -phthalazinyl)hydrazones 


Yield, Melting - 
Compound Rz % Point Formula" 


Analysis, % 
Calc. Found 


Ira 


IIb 


I I C  


IId 


IIe 
IIf 


IIIa 


IIIb 


IIId 


IIIe 


IIIf 


H 65 273-275" c 54.4 
H 4.5 
N 24.4 
C 56.2 
H 4.4 
N 23.4 
C 57.1 
H 5.4 
N 22.2 


54.6 
4.4 
24.2 
56.6 
4.4 
23.2 
57.4 
5.5 
22.6 
60.0 


20.8 
20.5 
62.1 


5.8 


H 


H 


62 


70 


270-271' 


273-274' 


H 72 128-130" 
~ ~~ 


c 59.8 
H 5.6 
N 20.5 
N 20.9 H 


H 
68 
76 


195-197' 
132-133' C 61.9 


H 4.3 4.5 
20.5 
56.0 
5.0 
23.5 
57.2 


N 20.1 
C 55.8 
H 5.0 
N 23.3 c 57.5 


66 150-151 ' 


60 130-131' 
H 4.8 5.0 


22.5 
60.5 
6.3 
19.9 
62.2 
4.5 
20.3 
62.5 
4.9 
19.6 


N 22.4 


H 5.9 
N 19.7 


c 60.8 78 


72 


222-224' 


230-232' C 61.9 
H 4.3 
N 20.1 
C 62.8 
H 4.7 
N 19.3 


80 147-149' 


The IR spectra of these compounds showed a carbonyl band at 1670-1740 cm-' and an NH group at 3200-3400 cm-I. 


Table 11-3-Substituted-4-oxo-5,6-dihydro-1,3-thiazin-2-y1-( 1 -phthalazinyl)hydrazones 


Yield, Melting Analysis, '70 
% Point Formula" Calc. Found Compound Ri 


IVa CZH5 72 >260' Ci4Hi5N50S C 55.8 55.6 
H 5.0 4.8 
N 23.3 23.1 


H 4.8 4.9 


IVC C H ~ C H ~ ) : I  14 170-1 72' Ci~iHigN50S C 58.4 58.1 
H 5.8 6.1 
N 21.3 21.6 


IVd 78 207-208O CisHziN50S C 60.8 61.2 
H 5.9 5.5 
N 19.7 20.1 


IVe C6H5 68 >265' CisHi5N50S C 61.9 61.5 
H 4.3 4.1 
N 20.1 19.9 


IVf CsHsCHz 75 166-168' CigH17N50S C 62.8 63.1 
H 4.7 5.0 
N 19.3 19.5 


IVb CHz=CHCH2 70 197-198' Ci5HiAiOS c 57.5 57.3 


N 22.4 22.8 


The 1R spectra of these compnunds showed a carbonyl band at 1630-1750 cm-' and an NH group at 3220-3320 cm-I. 


Table III-2-Substituted-amin0-5-0~0-4-( l-phthalazinyl)-6-hydro- 1,3,4-thiadiazines 


Yield, Melting Analysis, % 
Compound Ri % Point Formula Calc. Found 


60 219-220" CisH14ClN50S c 48.2 48.2 
H 4.3 3.9 
N 21.6 21.3 


Vf CfiHsCHz 70 262-263' C ~ S H ~ ~ C ~ N ~ O S  N 18.2 18.4 


Va C2H5 


ru-halo acids or esters to give thiazole derivatives (13,14). Refluxing the 
formed 2,3-dihydrothiazole derivatives with concentrated hydrochloric 
acid resulted in the formation of a six-membered ring to give the hydro- 
chloride of 2-amino-5-methyl-1,3,4-thiadiazine (10). 


Pharmacology-The anticonvulsant activity of some representative 
compounds of series 11-V was determined (15). Mice of both sexes (15-20 
g) were divided into groups of 10, with the group weights kept as near as 


possible. The test compounds were suspended in aqueous carboxy- 
methylcellulose (1% w/v) and injected intraperitoneally. Four hours after 
this administration, the mice were injected subcutaneously with 90 mg 
of pentylenetetrazol/kg. This dose produced convulsions in all untreated 
mice during the 1st hr following injection and caused 70% mortality 
during the 24-hr period. 


The occurrence of seizures was observed for 60 min. An episode of 
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Table IV-Anticonvulsant Activity of Thiazole, Thiazine, and 
Thiadiazine Derivatives of 1-Phthalazine 


Anticonvulsant 
Activity, Pentylenetetrazol, 


Compound % protection" % mortalityb 


IId 70 20 
20 50 
10 90 


I I f  
IIIa 
I I I f  40 50 
IVa 30 60 
IVb' 0 100 
IVd 20 70 
IVe 30 50 
IVf' 10 90 
Va 50 30 


0 Anticonvulsant activity was determined at  doses of 1.0 mmole/kg, equivalent 
to 200 m of me robamate/kg, as described under Experimental. Meprobamate 
(200 mghg) anfphenobarbital sodium (80 mg/kg) were used as standard anti- 
convulsants; they exerted 90-100 and 100% protection, respectively, against pen- 
tylenetetrazol-induced convulsions in mice under similar conditions. Represents 
mortality over 24 hr in each group of animals administered pentylenetetrazol at 
90 mg/kg. Corn ounds IId, IVb, and IVf were used in doses equivalent to 50 mg 
of meprobamate&. Their corresponding LD5o (fSD) values were 135 f 19,202 
f 7, and 137 f 12 mglkg, respectively. 


clonic spasm that persisted for a minimum of 5 sec after administration 
of pentylenetetrazol was considered a threshold convulsion. Transient 
intermittent jerks and tremors were not counted. Animals devoid of 
threshold convulsions over 60 min were considered protected. The 
number of animals protected in each group was recorded, and the anti- 
convulsant activity of the test compounds was represented as percent 
protection. The mice then were observed for 24 hr, and the mortality rate 
in each group was recorded (Table IV). The LDm of some compounds was 
determined by the graphical method of Miller and Tainter (16). 


The data presented in Table IV show that the compounds possess weak 
to moderate anticonvulsant activity and that the doses required for 
demonstration of anticonvulsant activity are very close to their corre- 
sponding toxic doses. 
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Isopilocarpine, Pilocarpic Acid, and Isopilocarpic 
Acid in Clinical Ophthalmic Pilocarpine Formulations by 
Reversed-Phase Liquid Chromatography 


A. NOORDAM, L. MAAT, and H. C. BEYERMANX 
Received November 16,1979, from the Laboratory of Organic Chemistry, Technische Hogeschool Delft ,  Julianalaan 136,2628 BL Delft, 
The Netherlands. Accepted for publication June 24,1980. 


Abstract A rapid and convenient reversed-phase high-performance 
liquid chromatographic procedure for the quantitative determination 
of pilocarpine and its degradation products was used to analyze 10 clinical 
ophthalmic pilocarpine formulations. 


Keyphrases Pilocarpine-reversed-phase high-performance liquid 
chromatographic analysis with isopilocarpine, pilocarpic acid, and iso- 
pilocarpic acid in ophthalmic pilocarpine formulations High-perfor- 
mance liquid chromatography, reversed phase-analysis, pilocarpine, 
isopilocarpine, pilocarpic acid, and isopilocarpic acid in ophthalmic pi- 
locarpine formulations 


(+)-Pilocarpine {(2S,3R)-2-ethyl-3-[(l-methyl-5-im- 
idazolyl)methyl] -4-butanolide) is an imidazole alkaloid for 
which a stereoselective synthesis was reported recently (1). 


It is used frequently in ophthalmology to relieve intra- 
ocular pressure, specifically glaucoma. For this purpose, 
buffered, stabilized, isotonic aqueous solutions of pilo- 
carpine hydrochloride or nitrate usually are used (2). 


In an aqueous medium, pilocarpine (I) can hydrolyze to 


I: R; = H, R, = C,H, 
11: R, = C,H,, R, = H 


111: R ,  = H, R, = C,H, 
IV: R, = C,H,, R, = H 
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since they are marketed as preformulated dosing solutions, the same 
variations in K,  with dosing volume might be expected. Part of the 
variations noted earlier may he due to the effects of the different rec- 
ommended dosing schedules and different dosing solution volumes on 
the volumes administered. The question of variations in aminoglycoside 
absorption rates is an interesting phenomenon that warrants further 
investigation. 


REFERENCES 


(1) J. C. Pechere and R. Dugal, Clin. Pharmacokinet., 4, 170 


(2) D. J. Greenblatt and J. Koch-Weser, N. Engl. J. Med., 295,542 


(3) R. A. Yates, M. Mitchard, and R. Wise, J .  Antimicrob. Che- 


(4) B. E. Cabana and J. G. Taggart, Antimicrob. Agents Chernother., 


(1979). 


(1976). 


mother., 4,335 (1978). 


3,478 (1973). 
(5) D. C. Grove and W. A. Randall, “Assay Methods of Antibiotics-A 


Laboratory Manual,” Medical Encyclopedia, Inc., New York, N.Y., 
1955. 


(6) C. M. Metzler, “NONLIN, a Computer Program for Parameter 
Estimation in Nonlinear Situations,” Technical Report 7292/69/7292/005, 
Upjohn Co., Kalamazoo, Mich., 1969. 


(7) H. 0. Hartley, Technometrics, 3,269 (1961). 
(8) J. C. K. Loo and S. Riegelman, J.  Pharrn. Sci., 59,53 (1970). 
(9) M. Gibaldi and D. Perrier, “Pharmacokinetics,” Dekker, New 


York, N.Y., 1975, pp. 73,293. 
(10) J. C. K. Loo and S. Riegelman, J.  Pharm. Sci., 57,918 (1968). 
(11) B. E. Ballard, ibid., 57,357 (1968). 


ACKNOWLEDGMENTS 


The authors thank Dr. B. E. Cabana and Dr. J. G. Taggart. 


Theophylline Absorption and Disposition in Rabbits: 
Oral, Intravenous, and Concentration-Dependent 
Kinetic Studies 


ADNAN EL-YAZIGI * and RONALD J. SAWCHUK 
Received May 27,1980, from the Department of Pharmaceutics, College of Pharmacy, University of Minnesota, Minneapolis, 
MN 55455. Accepted for publication October 3,1980. *Present address: Faculty of Pharmacy, Riyad University, Riyad, Saudi Arabia. 


Abstract 0 Theophylline pharmacokinetics following oral and intra- 
venous administration were studied, and the absolute bioavailability of 
five commercially available products was determined using the rabbit 
as an in uiuo model. Concentration-dependent clearance studies were 
performed by multiple constant-rate infusion and multiple bolus dose 
administration of aminophylline. Theophylline pharmacokinetics fol- 
lowing the oral adminstration of these products obeyed the one-com- 
partment open model adequately. However, the data obtained following 
rapid intravenous aminophylline administration in the rabbit fit either 
the one-compartment model (half-life = 2.8 hr and the volume of dis- 
tribution = 0.586 literhg) or the two-compartment model (@-phase 
half-life = 4.4 hr and Vd(a)  = 0.708 liter/kg). There were no significant 
product-to-product differences in the time to peak ( tmx) ,  the rate con- 
stant of absorption (k,), or the percent of dose absorbed at  1 hr ( F I ) ;  
however, differences in the absolute bioavailability (F), dose-normalized 
peak serum concentration (Crnar(,& and percent of dose absorbed at  6 
hr (F6) were significant. There was no evidence of concentration-de- 
pendent clearance for theophylline in the rabbit in the serum concen- 
tration range studied, but the results of the multiple constant-rate 
infusion study suggest that total clearance decreases a t  higher serum 
theophylline concentrations. 


Keyphrases ff Theophylline-pharmacokinetics, oral and intravenous 
administration, concentration-dependent clearance Pharmacokinet- 
ics-theophylline, oral and intravenous administration, concentration- 
dependent clearance 0 Bioavailability-theophylline, oral administra- 
tion, aminophylline, intravenous administration 


Several pharmacokinetic studies have investigated 
theophylline bioavailability from various dosage forms 
(1-5). Two studies (3, 5 )  determined the absolute theo- 
phylline bioavailability from oral dosage forms. However, 
additional research is needed to examine the intrasubject 
variability in theophylline elimination kinetics (6). 


The present work concerned theophylline pharmaco- 
kinetics in the rabbit following intravenous and oral ad- 
ministration to determine the absolute bioavailability of 
theophylline from five commercially available dosage 
forms using the rabbit as an in uiuo model and to examine 


the possibility of concentration-dependent clearance of 
this drug. Although no reports suggested dose-dependent 
kinetics for theophylline in the rabbit, it may be that a t  
sufficiently high dosages the relationship between the dose 
and the serum concentration-time integral becomes 
nonlinear. Such a finding would preclude the use of tra- 
ditional approaches for quantitating absolute or relative 
bioavailability. 


EXPERIMENTAL 


Materials and Methods-All dosage forms studied (A1, B2, C3, D4, 
and E6) were purchased commercially. Anhydrous theophylline6 was used 
as supplied. Aminophylline’ injection, 250 mg (25 mg/ml), was used for 
intravenous administration. 


Animals-Male New Zealand White rabbits, 2.4-3.9 kg, were main- 
tained on commercial rabbit foods and tap water and were fasted over- 
night prior to each oral experiment. Water was allowed ad libitum during 
fasting and throughout the experiment. Each animal received one oral 
dosage form of theophylline, followed 24 hr later by an intravenous dose 
of aminophylline. 


Oral Administration of Drugs-The animal was restrained, and its 
mouth was opened by inserting hemostatic forceps from the side into the 
oral cavity immediately behind the rabbit’s incisors. A small animal 
capsule administration device, with the tablet or capsule in its slotted 
end, was placed over the rabbit’s tongue and advanced -4-5 cm into the 
pharynx. The capsule or tablet then was released by pushing the plunger 
rapidly and completely. This administration was followed by -10 ml of 
water. After the device and forceps were removed, the rabbit’s mouth and 
nostrils were held closed until swallowing occurred. 


Rapid Intravenous Administration of Aminophylline-A dose of 24.33 


Tablets (aminophylline, 200 mg), lot 776-991, Searle, Chicago, Ill. 
2 Capsules (theophylline, 200 mg), lot 1W60531, Cooper, Wayne, N.J. 


Tablets (theophylline, 125 mg), lot 68308, Riker Laboratories, St. Paul, 


S. R. Capsules (theophylline, 2 gr), lot 6090204, Fleming, Fenton, Mo. 
S. R. Capsules (theophylline, 1 gr), lot 6090204, Fleming, Fenton, Mo. 


Aminophylline Injection, Searle, Chicago, Ill. 
Purina Laboratory Rabbit Chow, Ralston-Purina, St. Louis, Mo. 


Minn. 


6 Anhydrous theophylline, Nutritional Biochemicals, Cleveland, Ohio. 
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Table I-Results of the Multiple-Rate Intravenous Infusion 
Experiments for the Concentration-Dependent Clearance Study 


Rabbit Infusion Infusion 
Weight, Time, Rate, css, ClTB, 


Experiment kg hr mg/hr mgniter liter/hr/kg 


P IF 4.13 0-24 3.60 14.4 0.060 
P IF 4.13 24-48 7.20 28.7 0.061 
P IF 4.13 48-66 10.80 56.3 0.046 
Q IF 3.21 0-24 2.59 7.5 0.108 


3.21 24-48 5.18 16.9 0.095 8 iF 3.21 4 a 7 2  7.77 41.7 0.058 


Table 11-Pharmacokinetic Parameters for Theophylline 
following Intravenous Administration in  the Rabbit Using the 
One-Compartment Open Model 


CITE, 
kd, t1/2. v d  9 liter/ 


Experiment hr-' hr liter/kg kg/hr 


A1 IV 0.322 2.2 0.666 0.214 
A2 IV 0.303 2.3 0.544 0.165 
A3 IVa 0.083 8.4 0.770 0.064 
B3 IV 0.218 3.2 0.420 0.091 
D1 IV 0.190 3.6 0.575 0.109 
D2 IV 0.201 3.4 0.620 0.125 
D3 IV 0.403 1.7 0.628 0.253 
E3 IV 0.210 3.3 0.650 0.137 ~- . 


Mean 
SD 


.. 


0.264 2.8 0.586 0.156 
0.080 0.73 0.085 0.059 


0 Values not included in the calculation of the mean and standard deviation. 


mg of aminophylline injection USP/kg (25 mg/ml), equivalent to 15 mg 
of theophyllinekg, was administered through a catheter into the marginal 
ear vein of the rabbit over 5 min. 


Concentration-Dependent Kinetic Studies-Multiple-Dose Rapid 
Intraoenous Administration-After the cannulation of the marginal ear 
vein, a dose equivalent to 15 mg of theophylline/kg was administered 
intravenously into the catheter. A second dose, equivalent to 22.5 mg of 
theophylline/kg, was administered 24 hr after the first injection; a third 
dose, equivalent to 30 mg of theophylline/kg, was injected 24 hr after the 
second dose. 


Multiple-Rate Infusion-The infusion of aminophylline was carried 
out using a variable-speed, syringe-type infusion pumpg at an initial rate 
for the first 24 hr, at twice this rate for the second 24 hr, and at triple this 
rate for the rest of the experiment. The infusion rates and periods are 
listed in Table I. 


401 


20 30h0 


1 I I I I i 
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HOURS 
Figure I-Serum theophylline concentration-time data fitted to the 
one-compartment model. Key: 0,  Experiment 03 IV; and 0, Experi- 
ment E3 IV. 


*Model 975, Harvard Apparatus Co., Millis, Mass. 
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HOURS 
Figure 2-Serum theophylline concentration-time data fitted to the 
two-compartment model. Key: 0, Experiment B4 IV; and 0, Experi- 
ment El IV. 


Analysis of Theophylline in Serum-A modified version of the 
Schack and Waxler method (7) was used for theophylline analysis in 
serum. Serum, 0.5 ml, was extracted with chloroform containing 5% (v/v) 
isopropyl alcohol after the addition of 0.2 ml of 0.1 N HC1. The chloroform 
layer then was back-extracted with 0.1 N NaOH, and the absorbance of 
this solution was read at  272 and 310 nm. The corrected absorbance of 
the sample was calculated as: 


A-p~e = (A272 - A3lO)aample - (A272 - A3lO)biank (%* 1) 


where A is the absorbance and the subscript indicates the wavelength 
at  which it was determined. 


RESULTS 


Each experiment in this study is designated by a letter-number code. 
The letter indicates the product administered in the oral study, and the 
number identifies the animal used in the intravenous or oral study. 


Rapid Intravenous Administration-The data obtained from the 
intravenous administration experiments were fitted to either a one- or 
two-compartment open model using the computer program KINA (8). 
The parameters obtained from the data that fitted the one-compartment 
model appear in Table 11; those obtained using the two-compartment 
model are listed in Table 111. Typical fits of the data can be seen in Figs. 
1 and 2. 


Oral Administration-The serum concentration-time data were 


u . . . . . . . . . . . .  
4 8 12 16 20 24 


HOURS 


Figure 3-Computer-generated plot of serum theophylline concen- 
tration-time data of Experiment A1 PO fitted to the one-compartment 
model with first-order absorption. 
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Table 111-Pharmacokinetic Parameters for Theophylline following Intravenous Administration in  the Rabbit Using the Two- 
Comparment Open Model 


CLTB, 
a, & t l l 2 ,  k l ,  k2, v d ( B ) ,  v c  7 liter/ 


Experiment hr-' hr-' hr hr-' hr-' liter/ke liter/ke ke/hr 


A4 IV 7.18 0.109 6.4 3.10 3.99 0.616 
B2 IVa 2.83 0.038 18.2 1.24 1.56 0.771 
B4 IV 4.52 0.127 5.5 2.02 2.38 0.665 


0.343 0.066 
0.425 0.029 
0.351 0.084 c1 IV 5.84 0.154 4.5 2.12 3.62 0.616 0.383 0.094 


c 3  IV 1.97 0.255 2.7 0.77 0.90 0.856 0.392 0.218 
c 4  IV 5.14 0.121 5.7 2.10 2.95 0.664 0.383 0.084 
E l  IV 2.11 0.228 3.0 0.43 1.60 0.681 0.517 0.155 
E2 IV 4.01 0.258 2.7 1.66 2.14 0.855 0.453 0.220 
Mean 4.39 0.179 4.4 1.74 2.51 0.708 0.403 0.132 
SD 1.90 0.066 1.6 0.90 1.09 0.104 0.061 0.066 


a Values not included in the calculation of the mean and standard deviation. 


Table IV-Pharmacokinetic Parameters for Oral Theophylline 
Products 


Product 
Parameters A B C D E 


4 4 4 3 3 


13.4" 15.5 7.3 16.6 15.9 
(5.l)* (5.8) (2.1) (8.5) (8.1) 
0.447 0.899 0.260 0.174 0.993 


(0.291) 10.638) (0.267) (0.163) (1.32) 
19.6 19.0 . i5.4 
(4.8) (8.6) 
0.763 0.708 


(0.170) (0.285) 
6.2 7.1 


(2.3) (7.9) 
40.8. 45.7' 


(14.5) (31.2) 
90.4 81.4 


(13.0) (38.0) 
68.7 50.2 


(15.9) (22.9) 
27.8 21.1 


(12.5) (17.8) 
61.8 39.8 


(16.6) (32.2) 


(3.1) 
0.724 


(0.095) 
6.7 


(2.6) 
32.7 


(29.3) 
65.0 


(28.1) 
120 
(13.7) 
22.1 


(13.5) 
62.1 


(14.4) 


'9.2 . i2.2 
(8.9) (8.3) 
0.205 0.388 


(0.182) (0.120) 
12.3 6.1 
(8.1) (4.3) 
28.1 39.5 


(29.0) (30.4) 
52.9 85.7 


(29.6) (8.00) 
19.1 39.0 


(10.9) (13.9) 
6.46 13.3 


(9.41) (5.76) 
10.5 33.3 


(10.7) (9.50) 


Mean. * Standard deviation. Normalized area under the curve (AUCldose). 


fitted to the one-compartment open model with first-order absorption 
and elimination using the computer program KINA. The parameters 
obtained are listed in Table IV. A typical fit of the data is shown in Fig. 


Normalized peak serum concentration (C,,/dose). 


n 
8. 


Determination of Absolute Bioavailability (F)-The absolute 
bioavailability ( F )  was calculated according to: 


where D is the dose, 10°C d t  is the area under the serum concentration- 
time curve, and kd is the rate constant for elimination. The subscripts 
or and iv refer to the oral and intravenous routes. The values of F are 
presented in Table IV. 


Determination of Cumulative Percent of Dose Absorbed a t  1 (F1) 
and 6 (Fb)  hr--The cumulative fraction of drug absorbed at 1 ( f l )  and 
6 (/ti) hr was calculated according to the Wagner-Nelson equation (9): 


kd Lm C d t  


where Ct is the serum theophylline concentration at  time t .  


at  1 ( F I )  and 6 (F6) hr was calculated as follows: 
Using the values of f l  and f 6 ,  the cumulative percent of dose absorbed 


Fi = f I F  (Eq. 4a) 


and: 


F6 = f8 (Eq. 4b) 


Determination of Time to Peak (t,& and Peak Serum Concen- 
The values of F1 and F6 are given in Table IV. 


tration (C,,,)-The time to peak was calculated from: 
1 k,A 


t m a x  = - In - 
k ,  - kd kdB (Eq. 5) 


where k,  is the absorption rate constant, A is the preexponential coeffi- 
cient for the absorption phase, and B is the preexponential coefficient 
for the elimination phase. All four parameters (ka,  kd. A, and B )  were 
calculated by KINA. 


The peak serum concentration was calculated by substituting the t,, 
value in: 


(Eq. 6) 


Values of tmax and C,,, appear in Table IV. 
Concentration-Dependent Clearance Studies-Multiple-Dose 


Rapid Intravenous Administration-The pharmacokinetic parameters 
obtained from these experiments using KINA are listed in Table V. 


Multiple-Rate Infusion-The mean steady-state serum concentration 
(css) at  different infusion rates (ko) and the corresponding total body 
clearance (ClTB) obtained from these experiments are presented in Table 
I. 


The total body clearance for theophylline was calculated according 
to: 


Cmax = -Ae-katw + Be-kdtmax 


(Es. 7) 


DISCUSSION 


Rapid Intravenous Administration-For animals whose data fitted 
the one-compartment model, there appeared to be a fairly rapid elimi- 
nation of theophylline with a mean half-life of 2.8 hr (Table 11). The mean 
value of the volume of distribution was 0.609 literkg, and the mean total 
body clearance was 0.144 liter/hr/kg. However, for the other eight rabbits 
whose data fitted the two-compartment model, the mean /%phase half- 
life, t1/2(0) ,  was 4.4 hr. This value is similar to the t l / z ( p )  reported for hu- 
mans (4.4-6.7 hr) (10, l l ) .  A mean distribution phase rate constant (a) 
of 4.2 hr-' was found for theophylline in this study in the rabbit (Table 
111). This value is close to that obtained in humans (5.8 hr-l) (11). The 
volume of the central compartment was 0.30 liter/kg for humans (11). 
A slightly higher value (0.41 liter/kg) was found in this study for the 
rabbit. 


Oral Administration-The mean values of the absolute bioavail- 
ability ( F )  for Products A, B, C, D, and E were 68.7,50.2,120,19.1, and 
39.7%, respectively. The analysis of variance showed that the difference 
in F among products was significant (p < 0.001). The absolute bioavail- 
ability ( F )  was determined according to Eq. 2, in which it is assumed that 
the volume of distribution remains constant and the area-dose rela- 
tionship is linear. Both assumptions appear to be valid since the volume 
of distribution and the total body clearance did not change as the dose 
was increased (Table V). 


Equation 2 also considers differences occurring in the apparent half-life 
observed following intravenous and oral administration in the same 
rabbit. It is assumed that differences in clearances following intravenous 
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Table V-Results of the Multiple-Dose Rapid Intravenous Administration Experiments for the Concentration-Dependent Kinetic 
Study 


Rabbit ClTB, 
Weight, Dose, kd , v d  9 AUC so’, liter/ 


Experiment kg mgkg hr-l literkg mg hr/liter h rkg  


K2 3.44 22.5 0.172 0.750 175 0.129 
K3 3.44 30.0 0.187 0.789 203 0.148 
L1 3.48 15.0 0.166’ 0.714* 127 0.118 
L2 3.48 22.5 0.247 0.549 166 0.136 
L3 3.48 30.0 0.258 0.638 182 0.164 


K1 3.44 15.0 0.185 0.781 104 0.i44 


M1 
M2 
M3 


2.87 
2.87 
2.87 


15.0 
22.5 
30.0 


0.199 
0.205 
0.200 


0.512 
0.504 
0.501 


147 
218 
300 


0.102 
0.103 
0.100 


and oral administration in the same animal are reflected by the elimi- 
nation half-life of the drug and that this half-life is derived from the 
terminal log-linear portion of the serum concentration-time curve in 
experiments involving oral theophylline administration. 


It was reported (12) that the rabbit presents problems as a model for 
drug absorption studies since fasting markedly prolongs stomach 
emptying. It was shown (12) that it is difficult to achieve an empty 
stomach in the rabbit by withholding food. Other investigators (13) 
suggested the use of a special solid diet to control gastric emptying rates 
in the rabbit. More rapid theophylline absorption might have been ob- 
served in the present study if the animals had not been fasted prior to 
oral dosing. 


It is possible that theophylline absorption in the rabbit is sufficiently 
slow that the terminal portion of the serum concentration curve repre- 
sents absorption, especially since gastric emptying is quite slow. This 
possibility may explain the discrepancy between the apparent half-lives 
observed following oral and intravenous administrations in the same 
animal. In this situation, it is incorrect to use the rate constant derived 
from the terminal portion of the serum concentration-time curve as kd, 
in Eq. 2. If it  can be assumed that the clearances are not changing: 


When F was calculated using Eq. 8,69% of the values were >100%, 
suggesting that the assumption of constant clearance is incorrect. Only 
19% of the F values calculated using Eq. 2 were >loo%, and all of these 
values occurred with Product C (Table IV). 


The existence of a “flip-flop” model (14), which precludes the use of 
rate constants from the terminal portion of the serum concentration-time 
curve in Eq. 2, would be supported by a correspondence between the 
elimination rate constant determined from intravenous data and the rate 
constant associated with the rising portion of the serum concentration- 
time curve observed on oral theophylline administration to the same 
animal. However, these parameters were not similar in this study. 


The calculation of the cumulative fraction of drug absorbed at various 
times using Eq. 3 assumes that theophylline distributes rapidly 
throughout its volume of distribution and is eliminated by a first-order 
process. Since the data from some animals receiving intravenous theo- 
phylline were fitted by the two-compartment open model, the Loo- 
Riegelman method (15) may be appropriate for the estimation of the 
absorption rate constant in these cases. However, this method requires 
that the model parameters for both modes of administration be similar, 
which was not the case in the present study. Although intravenous data 
are not needed in the calculation of the f values using Eq. 3, translation 
of these parameters into cumulative percent of dose absorbed requires 
an estimate of F, as indicated in Eq. 4. 


The time to peak (tmlu) was calculated using Eq. 5, which includes the 
terms A and B. In the traditional equation used for calculating t,,, A 
and B are assumed to be equal. The use of these terms provides better 
estimates oft,,, where a lag phase exists. 


There was no significant difference in t,.,, k , ,  or F1 among the prod- 
ucts studied; however, product-to-product differences in the dose-nor- 
malized Cmax [Cmax(n)l and F6 values were significant ( p  < 0.005 and < 
0.05, respectively). 


Concentration-Dependent Clearance Studies-Multiple-Dose 
Rapid Intravenous Administration-As shown in Table V, changes in 
kd, vd, and total body clearance for Rabbits K and M as the dose was 


increased were nonexistent or very slight. The fact that there was no 
change in total body clearance for Rabbits K and M and only a slight 
increase for Rabbit L suggests that theophylline demonstrates concen- 
tration-independent clearance in the rabbit a t  doses up to 30 mgkg. 


Multiple-Rate Infusion-The results of the multiple constant-rate 
intravenous infusion studies indicate that the dose-AUC relationship 
in the concentration range utilized here is linear; however, at higher 
concentrations, this finding may not be true. This phenomenon is shown 
in Table I, where increasing the infusion rate to three times the initial 
value resulted in steady-state serum concentrations which were increased 
4- and 5.6-fold, respectively. This decrease in the total body clearance 
a t  higher infusion rates may be brought about by saturable metabolism 
or excretion processes, a pharmacodynamic effect of the drug resulting 
in reduced clearance, or a change in the function of eliminating organs 
with time. The possibility of time-dependent elimination kinetics may 
be investigated by performing the experiment in order of descending 
infusion rates. Although no evidence for capacity-limited elimination 
of theophylline was observed in another study of four rabbits receiving 
the drug as an intravenous bolus (16), the dose administered was only 
10 mg/kg. 


Dose-dependent kinetics of this drug in children were demonstrated 
by a reduction in clearance at  increasing serum theophylline concentra- 
tions during infusion at  differing rates (17). These results were inter- 
preted in terms of Michaelis-Menten kinetics and suggested the possi- 
bility of a t  least one saturable elimination process among the multiple 
parallel pathways involved. The evidence for capacity-limited pharma- 
cokinetice of theophylline in humans recently was reviewed (18), and the 
problems associated with dose-dependent elimination in theophylline 
bioavailability studies in humans also was addressed (19). 


CONCLUSIONS 


On the basis of the results of this study, it appears that the variability 
in the elimination kinetics of theophylline in the rabbit following intra- 
venous administration was relatively small compared to that in humans, 
as evidenced by the variation in total body clearance and volume of dis- 
tribution. Moreover, there were significant differences in the absolute 
bioavailability of the products investigated in the rabbit. Further studies 
in humans are needed to determine the clinical significance of such dif- 
ferences. In addition, theophylline did not exhibit concentration-de- 
pendent kinetics in the rabbit in the serum concentration range studied; 
however, a t  higher serum levels, total body clearance decreased sub- 
stantially. 
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Abstract a The effect of capsule size on the permeability of gelatin- 
acacia microcapsules toward sodium chloride was investigated. Gela- 
tin-acacia microcapsules containing olive oil were prepared by phase 
separation. The encapsulated olive oil was extracted with acetone and 
the acetone-loaded microcapsules dispersed in acetone were fractionated 
by a series of mesh screens. The core material of acetone then was re- 
placed by water. The permeability of each capsule fraction toward sodium 
chloride was estimated from the change in electrical conductance with 
time of the mixture of microcapsule suspension and sodium chloride 
solution. The permeability decreased with decreasing capsule size. 
Structured water in and around the capsule wall may be the cause of the 
observed size effect. 


Keyphrases Gelatin-acacia microcapsules-prepared by phase sep- 
aration, capsule-size effect on permeability toward sodium chloride 
Permeability-gelatin-acacia microcapsules, evaluated for capsule-size 
effect 0 Capsule size-effect on permeability of gelatin-acacia micro- 
capsules Microcapsules, gelatin-acacia-capsule-size effect on per- 
meability toward sodium chloride 


Relatively few papers (1-4) have dealt with the perme- 
ability characteristics of microcapsules, and many uncer- 
tainties remain ( 5 )  in spite of their importance in the 
sustained release of encapsulated drugs and chemicals and 
the application of microcapsules in enzyme technology and 
therapy and in the removal of waste products by poly- 
mer-coated charcoal. Among the various permeability 
characteristics of microcapsules, the effect of capsule size 
seems to be the most ignored; only one paper (6) described 
the size effect on the permeability of ethylcellulose mi- 
crocapsules toward electrolytes. This situation prompted 
the present study to see if capsule size affects the perme- 
ability of microcapsules made of polymers other than 
ethylcellulose. The observed size effect on the permeability 
of gelatin-acacia microcapsules toward sodium chloride 
is reported here. 


EXPERIMENTAL 


Preparation of Microcapsules-The gelatin-acacia microcapsules 
were prepared as described earlier (7). Gelatin and acacia solutions were 


made by dissolving separately 5 g each of gelatin’ (PI 5.0) and acacia2 in 
100 ml of distilled water. These solutions were allowed to hydrate for 10 
min at  room temperature and then for 30 min at  -47’. Coacervation was 
induced at  47O. 


Fifty milliliters of olive oil was added in small portions to the gelatin 
solution with gentle stirring. The stirring rate then was increased for 15 
sec. The acacia solution then was added in portions with moderate stirring 
to the newly formed emulsion. With this procedure, a favorable degree 
of emulsification and spherical mononuclear microcapsules were ob- 
tained. The system was adjusted to pH 3.5 by dropwise addition of 10% 
acetic acid after the addition of the acacia solution. 


Coacervation was brought about by adding 170 ml of distilled water 
prewarmed a t  47’ in 3-ml portions during 20 min. The temperature was 
decreased to 5’ a t  a rate of 0.3O/min. This cooling rate was found to be 
very important in obtaining spherical microcapsules. When the tem- 
perature reached 5O, a dilute formaldehyde solution was added to the 
microcapsule dispersion to make the final aldehyde concentration -6 
mM, and the pH was raised to 8.5 by the addition of 10% NaOH. After 
a 2-hr reaction time, the insolubilized microcapsules were separated by 
centrifugation in a low field of no higher than l00Xg to avoid possible 
breakdown of the capsules. 


Fractionation of Microcapsules-A wet mass of the microcapsules 
(-10 g) was transferred into lo00 ml of acetone to extract the encapsu- 
lated olive oil. The suspension was stirred vigorously by a magnetic stirrer 
to prevent capsule aggregation. Ten minutes later, the microcapsules were 
filtered and transferred into 200 ml of acetone. After this procedure was 
repeated four times, the acetone-loaded gelatin-acacia microcapsules 
dispersed in acetone were obtained. 


The acetone-loaded microcapsules were fractionated in acetone by a 
series of mesh screens. Each capsule fraction of a given size was filtered 
through a coarse filter paper. The separated microcapsules of each 
fraction were transferred into a large volume of distilled water with vig- 
orous stirring. In this way, acetone was replaced by water. The procedure 
was not repeated more than twice, because the water-containing gela- 
tin-acacia microcapsules thus obtained were sticky to the surface of the 
filter paper. 


Determination of Microcapsule Size-To determine the size of the 
microcapsules, a sample of each capsule fraction was placed on a hemo- 
cytometer, and the microcapsules were photographed under an optical 
microscope. The photographed film was projected on a large section of 
paper, and 500 enlarged capsule images were measured to the nearest 0.8 
pm. The scale in the hemocytometer was used for calibration. Finally, 
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Table I-Average Percentage of Dimenhydrinate in Laboratory- 
Made Mixtures and in Commercial Samples by Proposed Method 
and BP Method 


Mixture (M) (1:l) 


Dimenhydrinate + aspirin (MI) 
Dimenhydrinate + acetaminophen (M2) 
Dimenhydrinate + meprobaqate (M3) 
Dimenhydrinate + phenylephrine (M4) 
Dimenhydrinate + tolbutamide (Ms) 
Commercial tabletb TI 
Commercial tabletb T2 


Proposed 
Method 


%“ &SD 
Mean, 


99.32 0.82 
99.76 0.36 
98.88 0.39 
99.76 0.37 
99.32 0.31 


101.86 0.64 
100.53 0.47 


BP Method 
Mean, 


%” f S D  


98.48 1.06 
98.93 0.31 
98.70 0.65 
98.82 0.08 
99.71 0.19 


101.16 0.80 
100.44 0.48 


Average of four determinations. * Each tablet contained 50 mg of dimenhy- 
drinate. 


The effect of pH (1.60-11.20) on the absorbance of the colored pre- 
cipitate (in acetone) was studied. Hydrochloric acid was used to vary the 
pH from 4.10 to 1.60, and dilute ammonia solution was used to vary it 
from 4.10 to 11.20. However, absorbance was not affected within a pH 
range of 2.85-8.30. 


The stoichiometric balance was determined by Job’s method of con- 
tinuous variation (9) and a slope-ratio method (10). In Job’s method, the 
maximum absorbance was obtained when Vll(V1 + V2) = 0.33, which 
indicated the formation of the dimenhydrinate-reinecke salt precipitate 
in a 1:2 molar ratio. In the slope-ratio method, the slope1 and slopel 
values were 0.0027586 and 0.0014210 ml-l, respectively. Hence, sloped 
slope2 for the precipitate was nearly equal to 2, thereby suggesting a 1:2. 
molar ratio. 


Reinecke salt had a solubility in water of 1 in 52. Therefore, 50 ml of 
a saturated aqueous solution of reinecke salt was added to a 20-ml aliquot 
of a methanolic solution of dimenhydrinate to establish the 1:2 molar ratio 
requirement for maximum precipitation of dimenhydrinate. 


Table 11-Recovery Experiments by Proposed Method 


Corresponding 
Quantity of Concentration 


Dimenhydrinate of Dilution 
Mixture Added, Measured, 


or Tablet e a %  Mean, %” f S D  


Mi 0.600 
M2 0.025 


0.020 


0.096 99.36 0.40 
0.075 99.12 0.66 
0.072 99.01 0.76 
0.093 99.36 0.12 
0.081 98.69 0.52 
0.033 99.93 1.17 
0.036 99.41 0.64 


0 Average for four determinations. 


After the optimal experimental conditions for the maximal precipi- 
tation of dimenhydrinate-reinecke salt were established, the Beer’s plot 
was obtained by employing the stock solution of the dimenhydrinate- 
reinecke salt precipitate in acetone. It obeyed Beer’s law in the concen- 
tration range of 200-1000 pglml. With the least-squares method, the 
calibration curve from the data obtained can be described by the following 
regression equation: A = 0.0045 + 1.905C, where the regression coefficient 
is 0.999. 


Five laboratory-made mixtures and two commercial tablet samples 
containing dimenhydrinate were subjected to analysis by the proposed 
method and the BP method (1) (Table I). 


The activity of phenylephrine was checked directly with the reagent 
under identical experimental conditions and was found not to react. 


To justify the repeatability of the proposed method, known amounts 
of pure dimenhydrinate were added to preanalyzed samples of mixtures 
and dosage forms and reassayed by the proposed method (Table 11). 


The presence of either pure drugs, i.e., aspirin, acetaminophen, me- 
probamate, phenylephrine, and tolbutamide, or tablet adjuncts like 
starch, lactose, talc, and magnesium stearate in the quantities used caused 
no detectable interference in the proposed method. The analyses of two 
commercial products and the efficient percentage recoveries and sig- 
nificant reproducibility obtained suggest the feasibility of utilizing the 
proposed method for the quantitation of dimenhydrinate. 
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Abstract The equilibrium reaction of zolazepam, a pyrazolodiazepi- 
none, was studied and analyzed using the approath‘used previously for 
other pyrazolodiazepinone derivatives. The intrinsic ring closure equi- 
librium constant for this reaction was -100 times larger than that ob- 
served for pyrazolodiazepinones studied previously. This study illustrates 
that the diazepinone ring can dominate in equilibrium mixtures formed 


The characteristics of the equilibrium reaction of certain 
pyrazolodiazepinones were reported previously (1). This 


a t  pH values far below the pKa of the corresponding open form. 


Keyphrases 0 Zolazepam-analysis of equilibrium reaction 0 Struc- 
ture-activity relationships-equilibrium reaction of zolazepam 0 Py- 
razolodiazepinones-equilibrium reaction of zolazepam 0 Equilib- 
rium-analysis of zolazepam in reaction 


study was an extension of that work and concerned the 
equilibrium behavior of zolazepam, 4-(0 -fluorophen- 
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Figure 1-Sequential spectra obtained for the equilibration of I I a t  pH 
3.70,27O. Spectra1,2,3,and4wereobtainedafterl,7,24,and265 hr, 
respectively. Spectrum 4 corresponds to complete equilibration. 
Spectrum 5 is what would be obtained if Conversion of II  to I were 
complete. 


yl) - 6,8 - dihydro-l,3,8-trimethylpyrazolo[3,4-e] [1,4]diaze- 
pine-7(lH)-one hydrochloride (I). While the nature of the 
reaction that occurred here was similar to that described 
previously, quantitative aspects differed. 


EXPERIMENTAL 


Reagents-All chemicals used for the 0.1 and 0.05 M citrate and 
phosphate buffers of known pH values were reagent grade and were used 
without further purification. The hydrochloric acid solutions were pre- 
pared from prestandardized volumetric solutions'. The solvents, in- 
cluding hydrochloric acid solutions and buffers of varying pH used for 
kinetic studies, were adjusted to an ionic strength of 0.3 with potassium 
chloride. 5-(N-Methylaminoacetamido)-1,3-dimethyl-4-o-fluoro- 
benzoylpyrazole sulfate (IIc) was used as received2. 


Instrumentation-The pH measurements were made using direct 
reading, digital pH meters3. UV spectra were obtained using a recording 
UV spectroph~tometer~. 


Equilibrium Studies-Approximately 0.05 mEq of IIc was weighed 
accurately and transferred quantitatively to a 25-ml volumetric flask, 
using 1 mi of water to dissolve the compound. The reaction was initiated 
by diluting to volume with thermally equilibrated (27O) buffer with an 
ionic strength of 0.3 (potassium chloride). After mixing, the volumetric 
flasks were placed immediately in a constant-temperature water bath 
(27'). A t  appropriate-intervals, 2-ml aliquots were removed, diluted to 
25 ml with 0.1 N HC1, and mixed. 


The UV spectra of the resulting solutions were obtained immediately 
following their preparation over 400-230 nm, using 1-cm silica cells and 
0.1 N HCl as a blank. Samples were removed, and their spectra were 
obtained until redundancy was reached. The fraction of total I1 at equi- 
librium, I l l T ,  was calculated by the formula: (0.85A, - A310)/0.781AL, 
where A, and A310 are the absorbances at  271 (isosbestic point) and 310 
nm, respectively. In this formula, 0.85A, represents the theoretical ab- 
sorbance a t  310 nm for complete conversion from I1 to I, and 0.781A, 


Acculute, Anachemia Chemicals Ltd. 


Orion model 701. 
Cary model 11 or 14. 


* Dr. H. Dewald, Chemistry Department, Parke-DavisWarner-Lambert Co. 


represents the expected absorbancy difference at 310 nm for complete 
conversion of I1 to I. 


RESULTS AND DISCUSSION 


Typical sequential UV spectra obtained during equilibration are shown 
in Fig. 1. The starting material was the open form of I, 54N-methylami- 
noacetamido)-l,3-dimethyl-4-o-fluorobenzoylpyrazole (11). When I1 was 
the reactant, the spectra changed irrespective of the solution pH. When 
I was the starting material, changes in spectra with time were seen only 
at  pH values of 56.0. As seen in Fig. 1, the spectrum of I1 changed to a 
spectrum closely resembling the spectrum of I. Isosbestic points a t  240 
and 271 nm were clear and sharp. At  a given pH, the same redundant 
spectrum was produced irrespective of whether I or I1 was the starting 
material. The terminal spectra produced at  pH values of 56.0 corre- 
sponded to the spectrum expected for mixtures of I and I1 containing up 
to 18% of I1 and 82% of I. The quantitative composition of equilibrium 
mixtures formed at  various pH values is given in Table I. 


The fraction of the open form ( f 1 1 ~ )  present at equilibrium for these 
systems is given by (1): 


- - ('IT) (Eq. 1) K i b  QH+ 


K','b + a ~ +  + KVbK*'(KfP + QHC) (IT) + (11~) 
f I I T  = 


where IT = (Ia) + (Ib), IIT = (IIa) + (IIb), and: 


In Eq. 1, ~ I I ~ ,  Ktrb, and Kib are experimentally determined known 
quantities (Tables I and 11). Equation 1 can be rearranged so that the 
intrinsic ring closure constant K*' is in terms of these known quan- 
tities: 


The value of K*' for this system was determined using Eq. 4 together 
with the values of f l l T  given in Table I. The resulting values of K*' are 
given in Table 111. As seen, the intrinsic ring closure constant for this 
system was -100 times greater than it was for the ripazepam system 
studied previously (1). 


When the values of K*', Kib,  and KYb given in Tables I1 and 111 are 
substituted in Eq. 1 and the values of f I I T  are generated, the solid line 
shown in Fig. 2 is obtained. The calculated values correlate well with those 
determined by spectroscopic analysis of the equilibrium mixtures. 


Table I-Composition of Equilibrium Mixtures of I and I1 in  
Terms of f 1 1 ~  


PH f I I T a  


3.70 
4.26 
4.83 
5.35 
6.04 


0.18 
0.15 
0.09 
0.04 
0.01 


a These values were determined by analysis of the redundant, terminal UV 
spectrum obtained when equilibration was complete. 


Table 11-Dissociation Constants 


Ib; 4.69 2.04 x 10-5 
IIb 7.52 3.02 X 


a Determined spectrophotometrically. * Determined titrimetrically. 


Table 111-Calculation of K*' Using Eq. 4 


PH K*', M-l 


3.70 
4.26 
4.83 


1.70 X lo8 
1.48 X 108 
1.13 X los 


5.35 1.14 X los 
6.04 1.45 X lo8 


Average 1.38 X los 
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Figure 2-Plot of fIIT versus p H .  


and closed forms, Eq. 1 reaches a limit 
As indicated previously, a t  pH values below the pKa values of open 


(Eq. 5) 


As seen from Eq. 5, the maximum concentration of the open form (11) 
that can exist in these systems depends not only on the pKa of the open 
form ( K g b )  but also on the value of the ring closure constant (K*'). If, as 
is the case here, the value of K*' is very large (1.38 X los M-I),  then the 
maximum concentration of the open form at equilibrium is small irre- 
spective of the solution's pH. The ring form then dominates. This sit- 
uation is best understood by considering the reaction shown in Scheme 
I. An increase in hydrogen-ion activity serves not only to convert I1 to its 
unreactive protonated form but also to promote dehydration. 


The marked increase in the value of the ring closure constant observed 
here may be attributed to a methyl group in position 4 of the diazepinone 
ring (1). Also important is the electronic distribution around the imino 
carbon atom (position 8). Zolazepam is a stronger base than ripazepam 
by a factor of 10 (1). This finding suggests that electron withdrawal from 


IIa: R, absent, n o  charge 
IIb: R, = H, charge +1 
IIc : IIa . H,SO, 


Scheme I 
this carbon is less here than in the previous system. Attack by water would 
be hindered, and the ring form would be stabilized. 


Ia: R, absent, n o  charge 
Ib: R, = H, charge +1 
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Abstract A modification of the USP method for the assay of systemic 
alkalizer solutions containing mixtures of citrate and citric acid is pre- 
sented; it involves two titrations and ion-exchange chromatography. A 
diluted sample is titrated with 0.02 N NaOH to find the free citric acid 
content. The eluate from cation-exchange chromatography of an equal 
volume of diluted sample is titrated with 0.02 N NaOH to assay for total 
citric acid. Subtracting the results of the first titration from the second 
provides the citrate content. Synthetic mixtures of potassium citrate- 
citric acid, potassium citrate-sodium citrate-citric acid, and sodium ci- 
trate-citric acid were prepared and assayed. The method was applied to 
commercially available preparations. The proposed method eliminates 
some significant errors of the compendial method, and the accuracy and 
reproducibility are equal or better than those obtained with the com- 
pendial method. Theoretically, the result obtained by the compendial 
method does not necessarily give the citrate content. 


Keyphrases 0 Citrate-citric acid mixtures-improved assay of systemic 
alkalizer solutions 13 Citric acid-citrate mixtures-improved assay of 
systemic alkalizer solutions 0 Alkalizer-improved assay of citrate-citric 
acid mixtures 


The compendial method for the assay of mixtures of 
citrate and citric acid solutions is a combination of an 
electrometric and visual titration (I). Direct application 
of this compendial method for the assay of citrate and citric 
acid to recently available commercial systemic alkalizer 
solutions such as potassium citrate-citric acid oral solution 
(I), potassium citrate-sodium citrate-citric acid oral so- 
lution (II), and sodium citrate-citric acid oral solution (111) 


is not practical since the preparations are generally colored 
and are assayed in undiluted form. Moreover, the titrants 
used are 1 N in strength. Since these difficulties allow for 
many sources of error, a more appropriate assay is desired 
for the quality control of these commercial prepara- 
tions. 


Alkali salts of organic acids have been analyzed by 
passing an aqueous solution of the salt through an ion- 
exchange column followed by titration of the eluate with 
a base (2,3). The ion-exchange principle is included in the 
analysis of commercial systemic alkalizer solutions con- 
taining mixtures of citrate and citric acid. The method is 
simple, and the reproducibility and accuracy are equal or 
better than those obtained with the USP method. 


EXPERIMENTAL 


Reagents and Chemicals-Citric acid monohydrate', potassium ci- 
trate monohydrate', sodium citrate dihydrate', a sulfonated polystyrene 
copolymer strong cation-exchange resin in the hydrogen form2 (medium 
porosity), a 0.02 N NaOH volumetric solution obtained by quantitative 
dilution of 1 N NaOH (4), and phenolphthalein indicator solution were 
used. All other chemicals were reagent grade and were used without pu- 
rification. 


Fisher Scientific Co., Fair Lawn, N.J. 
Rexyn 101 (H), Fisher Scientific Co., Fair Lawn, N.J. 
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Aqueous Solution 
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Abstract 0 The stability of N-formimidoylthienamycin in aqueous 
solution at 25 and 40' was determined. In pH 5-8 nonnucleophilic inert 
buffers, pseudo-first-order ring opening was observed with dilute solu- 
tions (1 or 2 mg/ml initially). At  higher initial concentrations, a second- 
order reaction also was evident. The rate data were compared with lit- 
erature data for various cephalosporins and penicillins. 


Keyphrases 0 N-Formimidoylthienamycin-stability in aqueous so- 
lution at 25 and 40° Stability-N-formimidoylthienamycin in aqueous 
solution, reaction kinetics, compared to other p-lactam antibiotics 
Kinetics-stability of N-formimidoylthienamycin in aqueous solution 
0 /?-Lactam antibiotics-stability of N-formimidoylthienamycin in 
aqueous solution 


Thienamycin (I) is a new 0-lactam antibiotic, discovered 
in culture broths of Streptomyces MA4297 (1). Although 
a detailed kinetic study of thienamycin has not been made, 
it is known to decompose in dilute aqueous solution by 
apparent first-order reaction and has its greatest stability 
at  neutral pH. However, the decomposition accelerates as 
the antibiotic concentration is increased (1). This behavior 
is believed to be due to aminolysis of the P-lactam by the 
primary amine of a second thienamycin molecule. Analo- 
gous reactions of 6-aminopenicillanic acid (2) and ampi- 
cillin (3) have been reported. N-Formimidoylthienamycin 
(11) was designed to mitigate this bimolecular reaction 
(4). 


The present study determined the stability of I1 in 
aqueous solution; the results are related to data for other 
0-lactam antibiotics. 


EXPERIMENTAL 


Materials-2-(N-Morpholino)ethanesulfonic acid', 3-(N-morpho- 
1ino)propanesulfonic acid', monobasic potassium phosphate2, and 50% 
sodium hydroxide solution3 were used for buffers. 


The '3C-NMR, PMR, and IR spectra were consistent with the structure 
of I1 monohydrate (4). 


Found C, 45.11; H, 6.14; N, 13.09; S, 10.07. 
TLC-Aged aqueous solutions of I1 were examined by TLC as follows. 


Solution aliquots containing -50 pg of solute were loaded onto 250-pm 
silica gel GF4 plates. The plates were developed in a saturated chamber 
with toluene-acetone-n-butanol-acetic acid-water (1:l:l:l:l) and were 
viewed under short- and long-wavelength UV lights. 


Kinetic Runs-Aqueous buffer solutions of monobasic potassium 


Ad.-Calc. for C12H17N304S*H20 C, 45.41; H, 6.04; N, 13.25; S, 10.08. 


OH 
I 


+ OH ,NH, I 
+ 


NHCHeNH? 


C0; 
I 


'cq 
I1 


1 Calbiochern. 
2 Merck. 
3 Baker. 
4 Analtech. 


phosphate, 2-(N-morpholino)ethanesulfonic acid (pKa 6.15), and 3- 
(N-morpho1ino)propanesulfonic acid (pKa 7.2) were adjusted to the 
desired pH with concentrated aqueous sodium hydroxide. These buffers, 
to be used as solvents for kinetic runs, were prepared at  the reaction 
temperatures. 


Compound I1 was weighed into 3-ml glass reaction vials equipped with 
open-top screw caps and silicone septa. Each reaction vial contained 1-30 
mg of I1 and 1 ml of buffer. Nitrogen containing <10 ppm of oxygen was 
used to protect the reaction solutions from air. 


Each kinetic run was initiated by adding nitrogen-purged buffer to the 
screw-capped vial. The vial was closed immediately and purged with a 
subsurface nitrogen stream injected through the septum with a 25-gauge 
syringe needle. A second needle through the septum served as the vent. 
The vials were stored in constant-temperature water baths. 


Aliquots (100 pl) of the reaction solutions were removed periodically 
with a microsyringe equipped with a 25-gauge needle. The reaction vials 
were purged with nitrogen while aliquots were removed. The aliquots 
were diluted quantitatively to UV concentration, 0.2 pmole of II/ml ini- 
tially, with 0.1 M, pH 7,3-(N-morpholino)propanesulfonic acid, which 
had been purged with nitrogen; the UV spectra then were recordeds. Then 
0.1 ml of 0.2 M aqueous hydroxylamine hydrochloride2 was mixed with 
3 ml of each diluted aliquot (hydroxylamine concentration of 6.5 
pmoles/ml). The UV spectra were recorded again after the hydroxylamine 
mixtures had aged for 20 min at room temperature. (Hydroxylamine 
hydrochloride was used for all kinetic runs except the preliminary runs 
with phosphate buffer.) 


RESULTS AND DISCUSSION 


Reaction of I1 and Phosphate-In preliminary runs with pH 7.2 
phosphate buffer, a complex reaction was evident by direct UV assay of 
the solutions exposed to air. After a weakening of the I1 spectrum initially 
(absorbance maximum at  297 nm), a consecutive reaction was apparent 
with the appearance of absorbance peaks at 308 and 270 nm, and the 
reaction solutions turned brown. The consecutive reaction was due to 
oxygen. With air excluded, the solutions remained nearly colorless, and 
pseudo-first-order behavior was observed. The UV spectra of I1 and its 
product with oxygen excluded are shown in Fig. 1 as curves A and B, re- 
spectively. 


Curve B was observable only if the reaction mixture had been purged 
with nitrogen initially and during aliquot removal and only if the buffer 
used for dilution had been purged with nitrogen. Then the entire ab- 
sorbance curve could be recorded twice (about 10 min) before the peaks 
at  308 and 270 nm appeared as the result of exposing the cell to room 
air. 


The results of four runs with pH 7.2 phosphate buffer at 23' are shown 
in Fig. 2. The percent of the initial I1 unreacted, measured at  300 nm, is 
plotted on the logarithmic scale uersus reaction time. The reaction was 
first order with respect to 11, as shown by the linear log plots for the runs 
under nitrogen. Furthermore, the half-life was unchanged when the initial 
I1 concentration was halved from 6 to 3 mM. When the phosphate con- 
centration was reduced from 1 to 0.5 M ,  the half-life doubled. This result 
means that I1 hydrolysis was catalyzed by phosphate and that essentially 
all of the reaction observed in these runs was due to phosphate. The ap- 
parent initial rate for the run unprotected from air was about the same 
as that for the runs under nitrogen. However, the final spectrum used to 
calculate the rate could be obtained only when air was excluded. 


Analytical Methods-After the runs with phosphate buffer, kinetic 
data for unreacted I1 were obtained by hydroxylamine UV assay. When 
diluted aliquots of hydrolysis mixtures were treated with hydroxylamine, 
-90% of the I1 absorbance was extinguished, but the absorbances of the 
hydrolysis products obtained in the presence or absence of oxygen were 
unaffected. The loss of absorbance at  300 nm, measured on treatment 


Cary model 14, Varian Associates. 
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Figure I-UVspectra measured with 0.1 M, pH 7,3-(I\I-morpholino)- 
propanesutfonie acid buffer as the UV soluent. Key: A, ZZ; B, decom- 
position product formed in pH 7.2 phosphate buffer protected from air; 
and C,  decomposition product formed in pH 5 or 6 2-(N-morpholino)- 
ethanesulfonic acid buffer. 


with hydroxylamine, was proportional to the concentration of unreacted 
p-lactam. 


Although the hydroxylamine UV assay for I1 was adequate and did not 
require oxygen exclusion, all kinetic runs were performed with oxygen 
excluded so that the direct UV assay data could be used. In every run, 
the transition from the initial spectrum of I1 to that of the product ap- 
peared as a simple one-step reaction, although the product UV spectra, 
always measured at  pH 7, varied depending on the reaction pH (discus- 
sion to follow). Although not completely stable by UV assay, the products 
were more stable than the starting material, and the reaction rates were 
calculated readily from the crude UV data. Good agreement of the rate 
data obtained by the two UV methods was observed. 


Reaction Products-The UV assays provided measurements of the 
concentration of I1 during reaction but did not characterize the products. 
Brief studies by Fourier transform IR spectroscopy (FTIR) and TLC 
revealed that hydrolysis of I1 led to complex product mixtures. 


Opening of the 8-lactam ring was observed by FTIR of unbuffered 
aqueous 11,5 mg/ml. The disappearance of the 8-lactam band at  1774 
cm-I was not accompanied by appearance of any distinct features in the 
spectrum. 


Decomposition of an aqueous solution of I1 (5 mg/ml), adjusted to pH 
4 with trifluoroacetic acid, was monitored by TLC. This procedure was 
done at pH 4 because the consecutive reaction with oxygen at higher pH, 
evident by UV assay, did not occur at pH 4. Even so, several degradates 


Table I-Apparent First-Order Rates in Nonnucleophilic 
Buffers 


k , , ~ ,  hr-', a t  25" kpH, hr-l, at 40' 
Buffer pH Observed Calculated Observed Calculated 


.. 


5.5" 0.0139 0.0128 0.0533 0.0465 
6.0" 0.0069 0.0069 0.0257 0.0257 
6.5" 0.0048 0.0050 0.0169 0.0197 
6.5 0.0048 0.0050 0.0169 0.0197 
7.0 0.0040 0.0047 0.0169 0.0197 
7.5b 0.0055 0.0054 0.0262 0.0255 
8.0 0.0083 0.0082 0.0462 0.0461 


0 2-(N-Morpho1ino)ethanesulfonic acid. b 3-(N-Morpholino)propanesulfonic 
acid. 


I I I I I I J 
0 1 2 3 4 5 6 7 


REACTION TIME, hr 
Figure 2-Stability of ZZ in pH 7.2phosphate buffer at 23'. Key: 0 , 6  
mM substrate in 1.00 M buffer under nitrogen; A, 6 mM substrate in 
0.50 M buffer under nitrogen; n , 3  mM substrate in 1.00 M buffer under 
nitrogen; and V, 6 mM substrate in 1.00 M buffer unprotected from 
air. 


were apparent in short-wavelength UV light by fluorescence quenching 
and in long-wavelength UV light by fluorescence. Therefore, the slow, 
rate-determining opening of the p-lactam ring in the absence of oxygen, 
for which the kinetics are described later, preceded the relatively rapid 
formation of many unidentified degradates. 


Rate-pH Profiles for I1 at Low Concentration-Kinetic runs with 
nonnucleophilic 2-(N-morpholino)ethanesulfonic acid at pH 5.0,5.5,6.0, 
and 6.5 and 3-(N-morpholino)propanesulfonic acid at  pH 6.5,7.0,7.5, 
and 8.0 were performed at  25 and 40'. Each buffer was used at 0.5 and 
1.0 M with an initial I1 concentration of 3 or 6 mM, i.e., 1 or 2 mg/ml. 
Kinetic data for these runs were accumulated over 1 week since the re- 
action mixtures had half-lives of several days. Then the reaction mixtures 
were stored at  60' to hasten completion of the reactions, and the final 
UV spectra were recorded at  pH 7. (The products were quite stable by 
UVassay.) 


The final UV spectra for runs at  40' were about the same as those for 
runs at 25' a t  the corresponding pH values. The final UV spectrum with 
the pH 8 buffer was the same as that observed with pH 7.2 phosphate 
buffer (Fig. 1, curve B). The product formed at  pH 8, like that formed 
in pH 7.2 phosphate, gave absorbance peaks at  308 and 270 nm upon 
exposure to air. The final UV spectra for runs with buffers a t  pH 5-6 
denoted a different product (Fig. 1, curve C). An isosbestic point at 328 
nm was observed. By UV assay, the product formed in pH 5-6 buffers, 
unlike the pH 8 product, was stable to air a t  pH 5 or 7, with or without 
added phosphate. The final spectra for reactions at  pH 6-8 were inter- 
mediate between curves B and C of Fig. 1. 


A t  low initial I1 concentration, pseudo-first-order decomposition was 
observed. Plots of log (percent of I1 unreacted) versus time were linear, 
similar to the runs under nitrogen shown in Fig. 2; a t  each pH, the ap- 
parent rate constant was measurably the same with initial I1 concentra- 
tions of 1 and 2 mg/ml. The reaction rates were independent of the non- 
nucleophilic buffer concentrations; i.e., at each pH, the reaction rate was 
about the same in 0.5 or 1.0 M buffer. Thus, the rate effect of ionic 
strength was insignificant. Moreover, the rates with 2-(N-morpho1ino)- 
ethanesulfonic acid and 3-(N-morpholino)propanesulfonic acid at pH 
6.5 were about the same. 
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Figure 3-The pH profiles of pseudo-first-order rate constants: data 
points (0) and least-squares curves calculated according to Eq. 1 
(-) . 


The apparent pseudo-first-order rate constants observed at 25 and 40' 
are listed in Table I. At each temperature, I1 was most stable a t  neutral 
pH, i.e., pH - 7.0 at 25' and pH - 6.75 at 40' [Kw = lO-l4.O0 at  25O and 
Kw = 10-13.53 at  40' (ti)]. The rate-pH profiles were consistent with: 


kpH = kHaH 4- ko + koH(Kw/aH) (Eq. 1) 


where kpH is the apparent first-order rate constant at a given pH; kH and 
koH are the second-order rate constants for the hydrogen-ion-catalyzed 
degradation and hydroxide-ion-catalyzed degradation, respectively; ko 
is the first-order rate constant for spontaneous or water-catalyzed deg- 
radation; Kw is the dissociation constant of water; and a~ is the hydro- 
gen-ion activity as measured by the glass electrode. The least-squares 
reactivities for each reaction at  the two temperatures were determined, 
according to Eq. 1, by nonlinear regression. The calculated pseudo- 
fiit-order rate constants, kpH, were in good agreement with the observed 
values (Table I). The observed k p ~  data points are shown in Fig. 3 with 
the calculated k,H.curves. The least-squares reactivities of hydrogen ion, 
water, and hydroxide ion and the Arrhenius activation energies are listed 
in Table 11. 


Stability of 11 at High Concentration-Slow pseudo-first-order 
reaction of I1 in the nonnucleophilic, inert buffers had been observed at  
initial I1 concentrations of 1 and 2 mg/ml. Any competitive second-order 
reaction of I1 must have been very slow relative to the first-order reaction. 
Therefore, to detect any second-order reaction, the initial I1 concentration 


Table 11-Calculated Reactivities and Activation Energies in  
Nonnucleophilic Buffers 


Least-squares 9730 0.01565 10,300 


Least-squares 2780 0.00403 4,150 
reactivity a t  40' 


reactivity a t  25' 
E,, kcallmole 15.5 16.8 11.2 


0 
Lu 


b 
5 
a 6 0 -  
3 
1 a 
W 
I- a 
2 4 0 -  
0 


A 


f a a 
k 


20 - 


was varied under conditions at which the pseudo-first-order reaction was 
minimal, pH 7.0 at  25' and pH 6.75 a t  40'. 


At each temperature, a series of kinetic runs was performed with initial 
I1 concentrations of 1.8,3,6,15, and 30 mg/ml (O.ooS, 0.01,0.02,0.05, and 
0.1 M, respectively) in 1 M 3-(N-morpholino)propanesulfonic acid. In 
each series, the decomposition rates, as shown by plots of percent I1 un- 
reacted versus reaction time, were progressively more rapid a t  higher 
initial concentration. Furthermore, the product UV spectra, measured 
at pH 7, included progressively more high wavelength absorbance (peak 
wavelength at  -365 nm, which is similar to that observed with low initial 
I1 concentrations at pH 5-6) for runs at  higher initial concentration. This 
trend of product compositions was not due to pH shifts. The pH of all 
reaction solutions remained the same as the pH of the buffer used. 


Thus, competitive first- and second-order reactions of I1 were observed. 
The second-order reaction was treated as dimerization in that the sec- 
ond-order rate was evaluated according to: 


-dAldt = kpHA + k2A2 (Eq. 2) 


where A represents the I1 concentration. The reaction product, however, 
was not identified. 


The assumed dimerization of I1 is complex in that oligomers higher 
than a dimer can form. Presumably, this reaction involves attack by the 
amidine group of one I1 molecule on the j9-lact-m group of another. Since 
the resulting dimer has one amidine group and one j3-lactam group, it 
could react further; a trimer, tetramer, etc., could form. However, solvent 
attack on the j9-lactams of these oligomers would hinder their propaga- 
tion. 


Results of kinetic studies of condensation polymerization reactions 
show that the chemical reactivity of a functional group usually does not 
depend on the size of the molecule to which it is attached (6). At any stage 
of polymerization, the reactivity of every like functional group is the same. 
Furthermore, the rate constant for a given reaction step usually remains 
constant throughout polymerization. Consequently, polymerization can 
be regarded as a reaction between functional groups, of constant reac- 
tivity, without differentiation in regard to molecular size. 


Accordingly, a second-order oligomerization was simulated in which 
all products had the reactivity of the monomeric starting material toward 
each other and toward unreacted monomer. The concentration depen- 
dence of the starting material on reaction time is shown in Fig. 4 with the 
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Figure 5-Half-life a t  neutral pH versus initial II  concentration. Key: 
A, reactions a t  25O and pH 7.00; and B, reactions at  40° and pH 6.75. 


corresponding curve for a simple second-order dimerization. 
The initial reaction rates are equal since only monomer initially is 


present in both reactions. The calculated effect of oligomers on the 
monomer is slight. For example, 53% of the monomer reacts in the com- 
plex reaction in the same time that 50% reacts in the simple reaction. 
Therefore, Eq. 2 is a good approximation. 


The change of variable y = 1/A reduces Eq. 2 to linear form: 


dy - k p ~  dt = kz dt (Eq. 3) 
The integrating factor e-kpHt affords integration to (7): 


(Eq. 4) 


where A represents the I1 concentration and A0 represents the initial 
concentration. 


For each series of runs in which the initial I1 concentration was varied, 
the pseudo-first-order rate constant value, k , , ~  (observed at  low initial 
concentration), was substituted in Eq. 4. Then the second-order rate 
constant value, kz,  was adjusted to fit the UV assay data. 


The dimer, the first oligomerization product, predominated among 
the oligomers for several half-lives of the monomer in the simulated oli- 
gomerization with all rate constants being equal. As already mentioned, 
when two monomers react, one of the two 8-lactams remains intact. 
Consequently, the rate measured by UV assay should be very nearly 
one-half of the actual rate. Therefore, the kz value was calculated as twice 
the value corresponding to the UV data. 


The k z  values so calculated were 0.2 M-' hr-l a t  pH 7.0 and 25' and 
0.8 M-' hr-l at pH 6.75 and 40'. The corresponding Arrhenius activation 
energy was about 17 kcal/mole. The effect of the second-order reaction 
on I1 stability is shown by the plots of half-life uersus initial concentration 
(Fig. 5). 


Two more series of runs were performed similarly a t  25' with initial 
I1 concentrations of 1.8-30 mg/ml in 1 M 2-(N-morpholino)ethanesul- 
fonic acid (pH 6) and in 1 M 3-(N-morpholino)propanesulfonic acid (pH 


OH NHCH===NH': I 


0 


PKa 9.91 * 0.06 
4 


m- 
Scheme I 


8). The second-order rate constant of -0.2 M-l hr-l, the value found at  
pH 7 and 25O, also was found at  pH 6 and 8. The product UV spectra of 
the runs at pH 6 were all similar to curve C in Fig. 1, and those at  pH 8 
were all similar to curve B in Fig. 1. (All W spectra were measured at pH 
7.) In the runs a t  high initial I1 concentration, these different products 
formed largely from the second-order reaction, whose rate was pH in- 
dependent. This fact supports the earlier conclusion that rate-deter- 
mining &lactam opening, even in the absence of oxygen, precedes the 
rapid formation of several products whose composition is pH dependent 
(see Reaction Products). 


Compound I1 exists in ionic equilibria (Scheme I) for which the pKa 
values, obtained by analyzing titration curves, are as shown. According 
to these pKa data, about 0.01, 0.1, and 1% of the amidine nitrogen are 
unprotonated a t  pH 6,7, and 8, respectively. One might expect the sec- 


Table 111-Reactivities with Hydrogen Ion, Water, and 
Hydroxide Ion at 35' 


kH, 103ko, 10-2kOH1 
&Lactam Antibiotic M-' hr-1 hr-' M-' hr-l 


I1 6500 10.1 
Penicillins 


Penicillin G 601 0.90 
Carbenicillin 52.2 2.04 
Cloxacillin 35.6 0.94 


Penicillins 
Penicillin G 601 0.90 
Carbenicillin 52.2 2.04 
Cloxacillin 35.6 0.94 
Pro icillin 
C y cPacillin 
Ampicillin 


Ce halosporins 
Eephalothin 
IIIa 
IIIb ___. 


IIIC 
IIId 
IVa 
JVb 
IVC 
IVd 


30.7 
4.61 
1.82 


0.172 
0.238 
0.206 
0.186 
0.265 - 


0.89 
2.49 
0.75 


10.9 
21.0 
18.7 
11.4 
7.06 
0.270 


0.270 
- 
- 


77 


11.9 
12.1 
13.4 
17.3 
11.0 
25.7 


10.6 
9.08 
8.56 
8.45 
9.55 
1.43 
1.33 
1.56 
1.52 


IIIQ: R = OCOCH,, X = 4-CH3 


IIIc: R = OCOCH,, X = 4-C1 
IIId : R = OCOCH,, X = 4-N02 


IIIb: R = OCOCH,, X = H 


IVa: R = H, X = 4-CH, 
IVb: R = H, X = H 
IVC: R = H , X = 4 - C 1  
IVd: R H, X 5 4-NO, 
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Table IV-Reactivities with Monobasic Phosphate Anion the degradation of cefoxitin a t  25O, measured in this laboratory at pH 
7 and p = 0.5 in agreement with the published value of 0.00246 hr-l*(lO), 
was the same with nonnucleophilic 3-(N-morpholino)propanesulfonic 
acid buffers as with phosphate buffers of 0.01-0.25 M. 


The reactivity of I1 with phosphate a t  23O (Fig. 2) is compared with 
literature data for various penicillins a t  p = 0.5 and at 35’ and higher 
temperatures in Table IV. In the present study, the reactivity of I1 with 
phosphate was measured only at  pH 7.2 and 23O, using 0.50 M phosphate 
(p  = 1) or 1.00 M phosphate (p  = 2). The same rate constant was observed 
at  the two phosphate concentrations. The reactivity of I1 with HPOi- 
(Table IV) was calculated from the observed rates with the assumption 
that HzPOh is inert or much less reactive than HPO:-. (This assumption 
holds true for the penicillins, according to the references given in Table 
IV.) 


The degradations of the penicillins and cephalosporins in aqueous 
solution are complex and, consequently, cannot be compared easily with 
the degradation of I1 in general terms. Nevertheless, the reactivities in 
Tables I11 and IV fall into three distinct groups. Compound I1 is more 
reactive than the penicillins which, in turn, are more reactive than the 
deacetoxycephalosporins. This distinction reflects the relative strains 
of the nuclei as shown by the X-ray crystallographic data in Table V. The 
table includes values for the sum of the bond angles about the @-lactam 
ring nitrogen, z 1 ~ ,  and the distance of the nitrogen atom from the plane 
of the three attached carbon atoms, D. 


k ~ p ~ p , - ,  Tempera- 
@-Lactam Antibiotic M-l hr-l ture Reference 


I1 
Am icillin 
Cargenicillin 
Cloxacillin 
C yclacillin 
Methicillin 


0 x a c i 1 li n 
Penicillin G 


0.58 23’ - 
0.166 35O 11 
0.064 35O 11 
0.092 35O 11 
0.355 35O 11 
0.087 35O 11 
2.0 75O 12 
0.073 3 5 O  11 
0.078 35O 11 
0.82 60’ 13 


Phenethicillin 0.094 35O 11 
Pro icillin 
SulBenicillin 
6-(a-Toluenesulfonamido)- 0.030 


0.128 3 5 O  11 
0.078 350 11 


3 5 O  11 
mnicillanic acid 


ond-order reaction to involve attack by the nucleophilic unprotonated 
amidine nitrogen of one I1 molecule on the P-lactam of another. The fact 
that the second-order rate constant is pH independent rules out pre- 
dominant attack by this nucleophile and is consistent with attack by the 
protonated amidine nitrogen. However, this fact allows the reactivity of 
the unprotonated amidine to be the greater. The apparent second-order 
rate still could be essentially independent of pH because of the relatively 
large amounts of protonated amidine present a t  pH 6-8. 


Stability Comparison of I1 and Other &Lactam Antibiotics-The 
stability of penicillins and cephalosporins in aqueous solution has been 
described extensively. Stabilities a t  35O and p = 0.5 were summarized 
by Yamana and Tsuji (8) in terms of Eq. 1. The I1 reactivities are shown 
in Table I11 with some penicillin and cephalosporin data. (The reactivities 
of I1 at 25 and 40°, shown in Table 11, were interpolated to 35’ by means 
of the Arrhenius equation.) 


The reactivities of I1 with hydrogen ion, water, and hydroxide ion are 
all significantly greater than those of penicillin G. The other penicillins 
listed in Table 111 have smaller k~ values than penicillin G since they are 
designed to avoid intramolecular rearrangement in acidic solution. Their 
reactivities with water and hydroxide ion are about the same as those of 
penicillin G. 


Cephalothin and the other cephalosporins with the 3-acetoxymethy- 
lene group are less reactive with hydrogen ion than are the penicillins, 
but they exhibit reactivities with water comparable to that of I1 and with 
hydroxide ion comparable to those of the penicillins. The reactivities of 
these cephalosporins, however, are due mainly to the 3-substituent (for 
which I1 and the penicillins have no counterpart), as shown by the lower 
reactivities of the corresponding deacetoxycephalosporins. 


Furthermore, I1 is more reactive with phosphate than the penicillins, 
and the cephalosporins are essentially unreactive with phosphate. 
Phosphate buffers have been used as inert media for rate studies of 
cephalosporins (9). Moreover, the apparent first-order rate constant for 


Table v - 2 ~  and D Values Determined from X-Ray 
Crystallographic Data 


Compound CN D, A Reference 


N-Acetylthienamycin methyl ester 325.9’ 0.49 
Penicillin V 3370 0.40 
Ampicillin 3390 0.38 
6-Amino~enicillanic acid 343’ 0.32 


14 
14 
14 
14 


Cephaloiporin C 345’ 0.32 15 
Ce haloridine 350.7O 0.24 14 
7-jhenylacetamido-7- 356.7’ 0.15 14 
methoxy-3-methyl-3-cephem- 
tert- butyl ester 


A2-CeDhem 359.3’ 0.06 15 
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Table IV-Anticonvulsant Activity of Thiazole, Thiazine, and 
Thiadiazine Derivatives of 1-Phthalazine 


Anticonvulsant 
Activity, Pentylenetetrazol, 


Compound % protection" % mortalityb 


IId 70 20 
20 50 
10 90 


I I f  
IIIa 
I I I f  40 50 
IVa 30 60 
IVb' 0 100 
IVd 20 70 
IVe 30 50 
IVf' 10 90 
Va 50 30 


0 Anticonvulsant activity was determined at  doses of 1.0 mmole/kg, equivalent 
to 200 m of me robamate/kg, as described under Experimental. Meprobamate 
(200 mghg) anfphenobarbital sodium (80 mg/kg) were used as standard anti- 
convulsants; they exerted 90-100 and 100% protection, respectively, against pen- 
tylenetetrazol-induced convulsions in mice under similar conditions. Represents 
mortality over 24 hr in each group of animals administered pentylenetetrazol at 
90 mg/kg. Corn ounds IId, IVb, and IVf were used in doses equivalent to 50 mg 
of meprobamate&. Their corresponding LD5o (fSD) values were 135 f 19,202 
f 7, and 137 f 12 mglkg, respectively. 


clonic spasm that persisted for a minimum of 5 sec after administration 
of pentylenetetrazol was considered a threshold convulsion. Transient 
intermittent jerks and tremors were not counted. Animals devoid of 
threshold convulsions over 60 min were considered protected. The 
number of animals protected in each group was recorded, and the anti- 
convulsant activity of the test compounds was represented as percent 
protection. The mice then were observed for 24 hr, and the mortality rate 
in each group was recorded (Table IV). The LDm of some compounds was 
determined by the graphical method of Miller and Tainter (16). 


The data presented in Table IV show that the compounds possess weak 
to moderate anticonvulsant activity and that the doses required for 
demonstration of anticonvulsant activity are very close to their corre- 
sponding toxic doses. 
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Quantitative Determination of Pilocarpine, 
Isopilocarpine, Pilocarpic Acid, and Isopilocarpic 
Acid in Clinical Ophthalmic Pilocarpine Formulations by 
Reversed-Phase Liquid Chromatography 
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Abstract A rapid and convenient reversed-phase high-performance 
liquid chromatographic procedure for the quantitative determination 
of pilocarpine and its degradation products was used to analyze 10 clinical 
ophthalmic pilocarpine formulations. 


Keyphrases Pilocarpine-reversed-phase high-performance liquid 
chromatographic analysis with isopilocarpine, pilocarpic acid, and iso- 
pilocarpic acid in ophthalmic pilocarpine formulations High-perfor- 
mance liquid chromatography, reversed phase-analysis, pilocarpine, 
isopilocarpine, pilocarpic acid, and isopilocarpic acid in ophthalmic pi- 
locarpine formulations 


(+)-Pilocarpine {(2S,3R)-2-ethyl-3-[(l-methyl-5-im- 
idazolyl)methyl] -4-butanolide) is an imidazole alkaloid for 
which a stereoselective synthesis was reported recently (1). 


It is used frequently in ophthalmology to relieve intra- 
ocular pressure, specifically glaucoma. For this purpose, 
buffered, stabilized, isotonic aqueous solutions of pilo- 
carpine hydrochloride or nitrate usually are used (2). 


In an aqueous medium, pilocarpine (I) can hydrolyze to 


I: R; = H, R, = C,H, 
11: R, = C,H,, R, = H 


111: R ,  = H, R, = C,H, 
IV: R, = C,H,, R, = H 
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Table I-Composition of Commercially Available Ophthalmic Pilocarpine Formulations (March 1979) 


Sample 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 


Label Claim of Pilocarpine 
Expiration Pilocarpine Found, Relative Composition, % PH 


Date Form Percent % Pilocarpine Isopilocarpine PilocarDic Acid Found 


December 1973 HCl 4 4.3 95.0 1.5 3.5 3.5 
November 1976 HCl 1 1.0 92.7 2.1 5.2 3.7 


May 1977 HC1 2 2.1 93.4 3.4 3.2 3.4 


February 22,1979 HCl 2 1.8 82.3 5.7 11.3b 5.5 


November 1976 HCl 1 1.0 93.0 2.0 5.0 3.6 


April 1978 HCl 4 4.2 96.6 0.7 2.7 3.2 


February 16,1979 HCl 4 4.3 97.5 0.7 1.8 2.7 
February 16,1979 HCl 8 8.7 97.9 0.7 1.4 2.4 - HNOj 2 2.1 97.7 1.1 1.2 6.0 


- HN03 2 2.2 97.7 0.8 1.5 6.0 


Additives 
Stated on 


Label 


~~ ~ 


Hydroxypropyl methylcellulose (4000 cps) at OS%, benzalkonium chloride at 1:25,000, phenylmercuric nitrate at 175,000, boric acid, sodium citrate, and distilled 
water. * The sample also contained 4.7% isopilocarpic acid. Borax-boric acid buffer at pH 6.5. Lyophilized e e drops (200 mg of pilocarpine nitrate as solid matter 
and a vial containing 10 ml of an aqueous liquid). Methylcellulose, boric acid, sodium borate, sodium chloride, tiimerosal, and water. 


pilocarpic acid (111) and epimerize to  isopilocarpine (II), 
which, in turn, can hydrolyze to isopilocarpic acid (IV). 
The extent of the degradation depends, among other 
things, on pH, temperature, and time (3). Since this deg- 
radation results in deterioration of the pharmacological 
effect, ophthalmic aqueous pilocarpine formulations have 
limited stability. 


Several determination methods for pilocarpine are 
known, including one based on 13C-NMR spectroscopy (4). 
(Reference 4 summarizes the existing methods and their 
drawbacks.) However, the application of the 13C-NMR 
method for the quantitative determination of pilocarpine 
in ophthalmic formulations is laborious and has other 
limitations (5,6). 


A quantitative determination was reported recently for 
pilocarpine and its degradation products by reversed- 
phase high-performance liquid chromatography (7). This 
report discusses the successful application of this separa- 
tion method to 10 commercial, clinical ophthalmic pilo- 
carpine formulations. 


EXPERIMENTAL 


The quantitative determination is based on the separation of I-IV (7). 
By the use of UV detection at  215 nm instead of the refractive index, the 
sensitivity was improved greatly. The detection limit thus was lowered 
from -6 to 4.04 pg. The separation of I-IV was carried out within 30 
min on a reversed-phase column with water-methanol (973) containing 
5% monobasic potassium phosphate. The pH was adjusted to 2.5 with 
phosphoric acid. No significant difference was found with the chro- 
matogram shown in Ref. 7, although the column contained a slightly 
different octadecylsilyl packing. Additives such as buffers, antiseptics, 
and stabilizers, which often are present in clinical formulations, did not 
disturb the separation. 


The formulations studied had been stored unopened. When assayed 
(March 15,1979), the preparations, except for Formulations 9 and 10, 
were past their expiration date (Table I). Starting from the concentration 
stated on the package, all of the formulations were diluted with water to 
a concentration of 1%. The diluted solutions were compared with stan- 
dard solutions of a known concentration of pilocarpine hydrochloride 
or nitrate. The percentage of pilocarpine was found by measuring the 
peak height. For the determination of the relative composition, the re- 
versed-phase high-performance liquid chromatograms were compared 
with those of standard mixtures of pilocarpine, isopilocarpine, pilocarpic 
acid, and isopilocarpic acid dissolved in water. 


(+)-Pilocarpine (8) and (+)-isopilocarpine were used as their hydro- 
chlorides. Pilocarpic acid and isopilocarpic acid were obtained by hy- 
drolysis of pilocarpine and isopilocarpine, respectively, in 0.1 N aqueous 
NaOH. A high-performance pump was used’; a column (15 X 0.4 cm i.d.) 


packed with octadecylsiiica2 was employed with a UV detec td  set at 215 
nm. The flow rate was set a t  1.5 ml/min. 


RESULTS AND DISCUSSION 


The method described is superior to existing methods in many respects 
(accuracy, time of analysis, quantity of sample needed, and ability to 
determine all four compounds in one run). In addition, the method is 
theap and requires little pretreatment of the sample. 


The results of the analyses of the 10 pilocarpine formulations are 
summarized in Table I. All experiments were carried out in duplicate, 
and deviations were negligible. Beside pilocarpine, these formulations 
contained, according to their label, buffers, antiseptics, and stabilizers 
(Table I). 


With Samples 1-5 (pH found was -3.5), the composition was only 
slightly dependent on age. For Samples 6-8, no information about the 
additional contents was given on the package. The label of Sample 6 said 
that it contained borax-boric acid buffer of pH 6.5 (found pH 5.5). The 
relatively high pH of this sample might account for the large quantity 
of isopilocarpine and pilocarpic acid found. Furthermore, most, if not 
all, of the formulations probably initially contained an excess of pilo- 
carpine of a t  least 10% over the content stated. 
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Abstract a The effect of capsule size on the permeability of gelatin- 
acacia microcapsules toward sodium chloride was investigated. Gela- 
tin-acacia microcapsules containing olive oil were prepared by phase 
separation. The encapsulated olive oil was extracted with acetone and 
the acetone-loaded microcapsules dispersed in acetone were fractionated 
by a series of mesh screens. The core material of acetone then was re- 
placed by water. The permeability of each capsule fraction toward sodium 
chloride was estimated from the change in electrical conductance with 
time of the mixture of microcapsule suspension and sodium chloride 
solution. The permeability decreased with decreasing capsule size. 
Structured water in and around the capsule wall may be the cause of the 
observed size effect. 


Keyphrases Gelatin-acacia microcapsules-prepared by phase sep- 
aration, capsule-size effect on permeability toward sodium chloride 
Permeability-gelatin-acacia microcapsules, evaluated for capsule-size 
effect 0 Capsule size-effect on permeability of gelatin-acacia micro- 
capsules Microcapsules, gelatin-acacia-capsule-size effect on per- 
meability toward sodium chloride 


Relatively few papers (1-4) have dealt with the perme- 
ability characteristics of microcapsules, and many uncer- 
tainties remain ( 5 )  in spite of their importance in the 
sustained release of encapsulated drugs and chemicals and 
the application of microcapsules in enzyme technology and 
therapy and in the removal of waste products by poly- 
mer-coated charcoal. Among the various permeability 
characteristics of microcapsules, the effect of capsule size 
seems to be the most ignored; only one paper (6) described 
the size effect on the permeability of ethylcellulose mi- 
crocapsules toward electrolytes. This situation prompted 
the present study to see if capsule size affects the perme- 
ability of microcapsules made of polymers other than 
ethylcellulose. The observed size effect on the permeability 
of gelatin-acacia microcapsules toward sodium chloride 
is reported here. 


EXPERIMENTAL 


Preparation of Microcapsules-The gelatin-acacia microcapsules 
were prepared as described earlier (7). Gelatin and acacia solutions were 


made by dissolving separately 5 g each of gelatin’ (PI 5.0) and acacia2 in 
100 ml of distilled water. These solutions were allowed to hydrate for 10 
min at  room temperature and then for 30 min at  -47’. Coacervation was 
induced at  47O. 


Fifty milliliters of olive oil was added in small portions to the gelatin 
solution with gentle stirring. The stirring rate then was increased for 15 
sec. The acacia solution then was added in portions with moderate stirring 
to the newly formed emulsion. With this procedure, a favorable degree 
of emulsification and spherical mononuclear microcapsules were ob- 
tained. The system was adjusted to pH 3.5 by dropwise addition of 10% 
acetic acid after the addition of the acacia solution. 


Coacervation was brought about by adding 170 ml of distilled water 
prewarmed a t  47’ in 3-ml portions during 20 min. The temperature was 
decreased to 5’ a t  a rate of 0.3O/min. This cooling rate was found to be 
very important in obtaining spherical microcapsules. When the tem- 
perature reached 5O, a dilute formaldehyde solution was added to the 
microcapsule dispersion to make the final aldehyde concentration -6 
mM, and the pH was raised to 8.5 by the addition of 10% NaOH. After 
a 2-hr reaction time, the insolubilized microcapsules were separated by 
centrifugation in a low field of no higher than l00Xg to avoid possible 
breakdown of the capsules. 


Fractionation of Microcapsules-A wet mass of the microcapsules 
(-10 g) was transferred into lo00 ml of acetone to extract the encapsu- 
lated olive oil. The suspension was stirred vigorously by a magnetic stirrer 
to prevent capsule aggregation. Ten minutes later, the microcapsules were 
filtered and transferred into 200 ml of acetone. After this procedure was 
repeated four times, the acetone-loaded gelatin-acacia microcapsules 
dispersed in acetone were obtained. 


The acetone-loaded microcapsules were fractionated in acetone by a 
series of mesh screens. Each capsule fraction of a given size was filtered 
through a coarse filter paper. The separated microcapsules of each 
fraction were transferred into a large volume of distilled water with vig- 
orous stirring. In this way, acetone was replaced by water. The procedure 
was not repeated more than twice, because the water-containing gela- 
tin-acacia microcapsules thus obtained were sticky to the surface of the 
filter paper. 


Determination of Microcapsule Size-To determine the size of the 
microcapsules, a sample of each capsule fraction was placed on a hemo- 
cytometer, and the microcapsules were photographed under an optical 
microscope. The photographed film was projected on a large section of 
paper, and 500 enlarged capsule images were measured to the nearest 0.8 
pm. The scale in the hemocytometer was used for calibration. Finally, 
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Table I-Mean Diameter, Total Volume, and Permeability 
Coefficient for Sodium Chloride of Gelatin-Acacia 
Microcapsules 


Mean Total Permeability 
Diameter, Volume, Coefficient, 


Fraction Pm % x 106 cm/sec 


t 
0 10 20 30 40 50 


MINUTES 
Figure I-Plot of log (Ct - Cf)/(Ci - C,=J against time for the entry of 
sodium chloride into gelatin-acacia microcapsules. Key (capsule frac- 
tion): 0,  A; A, B; and 0, C. 


the mean diameter of the microcapsules was calculated using the mea- 
sured diameters. 


Permeability Estimation-As in previous work (2-4, 6), the per- 
meability of the microcapsules was estimated from the change in electrical 
conductance with time of the microcapsule dispersion-electrolyte solu- 
tion mixture. To 100 ml of 0.05 M NaCl solution in a conductance cell 
immersed in a constant-temperature bath was quickly added, with 
stirring, 100 ml of the microcapsule dispersion previously kept a t  the same 
temperature. The conductance reading was begun soon after mixing and 
was taken at  suitable time intervals. The electrical conductance mea- 
surements were carried out a t  10 f 0.1’. The stirring was continued 
throughout the measurements. 


The permeability coefficient for the electrolyte (P)  was calculated from 
(3,4,6): 


2.303CfVm Ct - Cf P =  log - 
CiAt ci - C f  (Eq. 1) 


where Ci, Ct, and Cf are the initial, intermediary (at time t ) ,  and final 
concentrations of electrolyte in the dispersion medium, respectively, and 
V, and A are the total volume and total surface area of the microcapsules, 
respectively. The validity of the equation can be checked by plotting log 
(Ct - Cf)/(Ci - Cf) against time. If the plot is linear, the equation strictly 
holds and the permeability coefficient can be evaluated from the slope 
of the line. 


RESULTS AND DISCUSSION 


Figure 1 shows plots of log (C, - C,)/(Ci - C f )  against time for the 
entry of sodium chloride into the gelatin-acacia microcapsules of different 
sizes. For all fractions, the plot was a straight line 5 min after mixing the 
electrolyte solution and microcapsule dispersion. This finding seems to 
confirm the validity of the equation for the calculation of the permeability 
coefficient. 


The permeability coefficients for sodium chloride calculated from the 
slope of the straight line are given in Table I. The permeability coefficient 


A 79 13 0.95 
B 115 12 1.86 
C 151 12 3.12 


decreased with decreasing capsule size. The same trend was observed with 
other preparations of gelatin-acacia microcapsules, although the per- 
meability coefficient value varied from one preparation to another. 


In view of the highly hydrophilic nature of both gelatin and acacia, the 
wall of gelatin-acacia microcapsules can be assumed to be a hydrogel even 
after treatment with formaldehyde. Thus, sodium and chloride ions are 
transported through a capillary network filled with water of the micro- 
capsule wall. Under these circumstances, the rate of ion transport is ex- 
pected to depend on the wall thickness (extent of capillary network), total 
volume of the microcapsules (size of sink), and total surface area of the 
microcapsules. 


The wall thickness was constant and independent of the capsule size 
for gelatin-acacia microcapsules obtained in one preparation (81, and 
the total microcapsule volume was approximately the same for all frac- 
tions (Table I). Hence, the observed size-dependent permeability should 
arise from the difference in the total surface area of the microcapsules. 
According to Fick’s first law of diffusion, however, the rate of ion trans- 
port increases with increasing total surface area or decreasing capsule 
size. This concept is contrary to the observed capsule-size effect. 


A recent paper (9) indicated that the water structure in and around 
the wall of polyamide microcapsules is different from that of the bulk, 
and this difference may be responsible for the decreasing permeability 
of the microcapsules toward electrolytes with decreasing capsule size. 
This effect occurs because the structured water in and around the capsule 
wall retards the movement of hydrated ions, and the amount of structured 
water is greater in a dispersion containing numerous microcapsules of 
a small size than in that containing few microcapsules of a large size, as- 
suming that the total microcapsule volume is identical for both disper- 
sions. This observation also may account for the size effect on the per- 
meability of gelatin-acacia microcapsules toward sodium chloride ob- 
served in the present work. 
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Figure 2-Plot of fIIT versus p H .  


and closed forms, Eq. 1 reaches a limit 
As indicated previously, a t  pH values below the pKa values of open 


(Eq. 5) 


As seen from Eq. 5, the maximum concentration of the open form (11) 
that can exist in these systems depends not only on the pKa of the open 
form ( K g b )  but also on the value of the ring closure constant (K*'). If, as 
is the case here, the value of K*' is very large (1.38 X los M-I),  then the 
maximum concentration of the open form at equilibrium is small irre- 
spective of the solution's pH. The ring form then dominates. This sit- 
uation is best understood by considering the reaction shown in Scheme 
I. An increase in hydrogen-ion activity serves not only to convert I1 to its 
unreactive protonated form but also to promote dehydration. 


The marked increase in the value of the ring closure constant observed 
here may be attributed to a methyl group in position 4 of the diazepinone 
ring (1). Also important is the electronic distribution around the imino 
carbon atom (position 8). Zolazepam is a stronger base than ripazepam 
by a factor of 10 (1). This finding suggests that electron withdrawal from 


IIa: R, absent, n o  charge 
IIb: R, = H, charge +1 
IIc : IIa . H,SO, 


Scheme I 
this carbon is less here than in the previous system. Attack by water would 
be hindered, and the ring form would be stabilized. 


Ia: R, absent, n o  charge 
Ib: R, = H, charge +1 
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Abstract A modification of the USP method for the assay of systemic 
alkalizer solutions containing mixtures of citrate and citric acid is pre- 
sented; it involves two titrations and ion-exchange chromatography. A 
diluted sample is titrated with 0.02 N NaOH to find the free citric acid 
content. The eluate from cation-exchange chromatography of an equal 
volume of diluted sample is titrated with 0.02 N NaOH to assay for total 
citric acid. Subtracting the results of the first titration from the second 
provides the citrate content. Synthetic mixtures of potassium citrate- 
citric acid, potassium citrate-sodium citrate-citric acid, and sodium ci- 
trate-citric acid were prepared and assayed. The method was applied to 
commercially available preparations. The proposed method eliminates 
some significant errors of the compendial method, and the accuracy and 
reproducibility are equal or better than those obtained with the com- 
pendial method. Theoretically, the result obtained by the compendial 
method does not necessarily give the citrate content. 


Keyphrases 0 Citrate-citric acid mixtures-improved assay of systemic 
alkalizer solutions 13 Citric acid-citrate mixtures-improved assay of 
systemic alkalizer solutions 0 Alkalizer-improved assay of citrate-citric 
acid mixtures 


The compendial method for the assay of mixtures of 
citrate and citric acid solutions is a combination of an 
electrometric and visual titration (I). Direct application 
of this compendial method for the assay of citrate and citric 
acid to recently available commercial systemic alkalizer 
solutions such as potassium citrate-citric acid oral solution 
(I), potassium citrate-sodium citrate-citric acid oral so- 
lution (II), and sodium citrate-citric acid oral solution (111) 


is not practical since the preparations are generally colored 
and are assayed in undiluted form. Moreover, the titrants 
used are 1 N in strength. Since these difficulties allow for 
many sources of error, a more appropriate assay is desired 
for the quality control of these commercial prepara- 
tions. 


Alkali salts of organic acids have been analyzed by 
passing an aqueous solution of the salt through an ion- 
exchange column followed by titration of the eluate with 
a base (2,3). The ion-exchange principle is included in the 
analysis of commercial systemic alkalizer solutions con- 
taining mixtures of citrate and citric acid. The method is 
simple, and the reproducibility and accuracy are equal or 
better than those obtained with the USP method. 


EXPERIMENTAL 


Reagents and Chemicals-Citric acid monohydrate', potassium ci- 
trate monohydrate', sodium citrate dihydrate', a sulfonated polystyrene 
copolymer strong cation-exchange resin in the hydrogen form2 (medium 
porosity), a 0.02 N NaOH volumetric solution obtained by quantitative 
dilution of 1 N NaOH (4), and phenolphthalein indicator solution were 
used. All other chemicals were reagent grade and were used without pu- 
rification. 
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Table I-Recovery Data  f rom Synthetic Mixtures of 1-111 


Amount Foundb, mg/ml Recovery f SD,  % 
Amount Analyzeda, Proposed USP xx Proposed USP xx 


mg/mi Method Method Method Method 
Sample A B A B A B A B A B 


I 220.2 67.3 220.4 67.5 220.6 67.2 100.1 100.3 100.2 99.9 
f0.9 f0.3 f0.6 f0.2 


I1 128.gC 66.0 125.6' 66.5 127.5c 67.7 97.4 100.7 98.9 102.6 
f0.7 f0.2 f0 .6  f0.2 


I11 100.2 62.4 99.7 63.2 97.9 62.2 99.5 101.2 97.7 99.7 
f0.7 f0 .4  f0 .8  f0.5 


aA = potassium citrate monohydrate or sodium citrate dihydrate; B = citric acid monohydrate. b Average of three determinations. c Milliequivalents of total citrate 
per milliliter. 


Table 11-Recovery Data from Commercial Preparat ions of 1-111 


Amount Foundb, mg/ml Label Claim f SD,  % 
Label Claima, mg/ml Proposed Method USP XX Method Proposed Method USP XX Method 


Sample A B A B A B A B A B 


I" 220.0 66.8 207.2 92.9 210.9 93.1 94.2 139.0 95.8 139.4 
f0.4 f0 .2 f0 .4  f1.0 


IIC 128.4d 66.8 124Ad 68.3 123.7d 67.2 97.2 102.2 96.3 100.7 
f0.4 f O . l  f0.6 f0.4 


111" 100.0 60.1 98.6 64.2 102.1 64.7 98.6 106.8 102.1 107.6 
f0.9 fO.0 f0 .3  f0 .8  


"A = potassium citrate monohydrate or sodium citrate dihydrate; B = citric acid monohydrate. Average of three determinations. Sample colors: I, wine red; 11, 
green; and 111, bright yellow. Milliequivalents of total citrate per milliliter. 


Cation-Exchange Column-Ten grams of cation-exchange resin was 
hydrated by mixing with 50 ml of glass-distilled water in a 100-ml beaker. 
The resin was allowed to settle, and the excess water was decanted until 
a slurry of resin remained in the beaker. The slurry was poured into a 
15-mm i.d. X 300-mm long glass column, provided with a fritted disk and 
polytef stopcock, and the resin beads were allowed to settle into a ho- 
mogeneous bed. Approximately 100 ml of glass-distilled water was used 
to wash the resin bed. The stopcock was closed when the water level was 
1-2 mm above the resin bed. 


Assay f o r  I and  11-A 15.0-ml aliquot of sample was transferred to 
a 250-ml volumetric flask and diluted to volume with distilled water. 


Free Citric Acid-Five milliliters of the diluted sample was pipetted 
into a 250-ml erlenmeyer flask, and 25 ml of distilled water and 5 drops 
of phenolphthalein were added. The contents of the flask were swirled 
and titrated with 0.02 N NaOH. The quantity, in milligrams per milliliter, 
of citric acid monohydrate in the original sample was found using the 
formula 233.50 X A, where A is the number of milliequivalents of sodium 
hydroxide3 consumed in the titration. 


Total Citric Acid-Five milliliters of the diluted sample was added 
carefully to the top of the resin bed in the column. A 250-ml erlenmeyer 
flask was placed below the column, and the stopcock was opened until 
the sample entered the resin bed. The sample was eluted with 60 ml of 
distilled water a t  a flow rate of -5 ml/min, and -65 ml of eluate was 
collected. Then 5 drops of phenolphthalein was added to the eluate, and 
the contents were swirled and titrated with 0.02 N NaOH. 


Calculation of Citrate Content-The quantity in the original sample, 
in milligrams per milliliter, of potassium citrate monohydrate in I was 
calculated using the formula 360.46 X ( B  - A), or the quantity of total 
citrate (CsH507) in I1 was calculated using the formula 210.10 X (€3 - A), 
where A is as defined previously and B is the number of milliequivalents 
of sodium hydroxide3 consumed in the titration of the cation-exchange 
column eluate. 


Assay for  111-Ten milliliters of the sample was transferred to a 
100-ml volumetric flask and diluted to volume with distilled water. The 
directions given for the assay for I and 11, beginning with Free Citric Acid, 
were followed with the exception of the calculation formulas. The 
quantity in the original sample, in milligrams per milliliter, of citric acid 
monohydrate was calculated using the formula 140.10 X A, and the 
quantity of sodium citrate dihydrate was calculated using the formula 
196.07 X ( B  - A), where A and B are as defined previously4. 


~~~~ ~ ~~~~ 


3 Milliequivalents of sodium hydroxide equal milliliters of sodium hydroxide 
consumed in the titration X normality of sodium hydroxide. Constant equals 
equivalent weight X dilution factor. Dilution factor = (250 m1/5 ml) (1 m1/15 ml). 
Equivalent weight for citric acid monohydrate is 70.05; for potassium citrate 
monohydrate, it is 108.14; and for CsH507, it is 63.03. 


Dilution factor = (100 m1/5 ml) (1 m1/10 ml). Constant equals equivalent weight 
times dilution factor. Equivalent weight of sodium citrate dihydrate is 98.04. 


RESULTS AND DISCUSSION 
In the assay of citrate, the sample solution was passed through a strong 


cation-exchange resin. In the process, the cations such as potassium and 
sodium ions of the citrate were replaced by protons from the resin, re- 
sulting in an eluate containing citric acid. Since the sample also contained 
free citric acid, the titration of the eluate with base gave the total citric 
acid concentration. The free citric acid of the sample was titrated directly 
with base. When equal volumes of samples were used for the determi- 
nation of free citric acid and of total citric acid, the difference in titrant 
consumption was equivalent to the quantity of citric acid derived from 
citrate. Studies indicated that citrate did not interfere in the direct ti- 
tration of free citric acid with 0.02 N NaOH. Quantitative results also 
were obtained when pure potassium or sodium citrate solutions were 
passed through the column and the eluate was titrated with base. 


Recovery data for synthetic mixtures containing mixtures of potassium 
and/or sodium citrate and citric acid are shown in Table I. The accuracy 
and precision were identical to those obtained by the compendial method. 
The proposed method was applied to the assay of commercial systemic 
alkalizer solutions (Table 11). The compendial assay of these commercial 
preparations is usually subject to greater variations between individual 
samples, particularly in determining the end-point of the citric acid ti- 
tration with base. The commercial preparations are generally colored and 
are analyzed in undiluted form. For example, one commercial product 
is a wine-red solution. As the wine-red solution is titrated with base to 
the phenolphthalein end-point, the color change to pink (or red) at the 
equivalence point is difficult to observe and a sharp end-point cannot 
be obtained. Since a 1 N NaOH titrant is used, each drop (-0.05 ml) of 
titrant from the equivalence point is equivalent to 3.5 mg of citric acid 
monohydrate. The coloring agent present in other commercial products 
also masks the color change a t  the equivalence point. This problem ac- 
counts for the relatively larger standard deviations for the compendial 
results as compared to those obtained by the proposed method (Table 
11). No problems were encountered in the titrations following the pro- 
posed method since a sharp end-point was obtained in each case. 


The cornpendial assay for the citrate content in the mixture involves 
an electrometric titration to a predetermined pH of 1.55. Since the 
product of this titration is citric acid, the pH a t  the equivalence point is 
simply the pH of a solution of the total citric acid, which includes citric 
acid formed from citrate plus free citric acid already in the sample. 
Theoretically, the compendial method does not necessarily give the actual 
citrate content. A preparation containing the correct quantity of citrate 
but an incorrect amount of citric acid (as stated on a label claim) would 
give a wrong citrate content when the titration is conducted to a prede- 
termined pH. Titration gives a true indication of the citrate content only 
when the quantity of free citric acid is correct. An electrometric titration 
to a predetermined pH is useful if the species analyzed is the only one that 
determines the end-point pH. The proposed method eliminates this 
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problem because the citrate assay and subsequent calculation directly 
reflect the citrate content, regardless of the original free citric acid con- 
centration. 


Approximate calculation of the pH a t  the equivalence point of the 
compendia1 citrate titration showed that the value differed markedly 
from the stated pH of 1.55. The calculated value of 1.81 was obtained 
when the preparation was assumed to contain the labeled quantities of 
citrate and citric acid, using a K,, value of 7.45 X lo-* and a Kaz value 
of 1.73 X at  25’ for citric acid (5) and assuming that the third dis- 
sociation was negligible. Applying the same approximate calculation to 
compute the pH at  the equivalence point of a similar electrometric ti- 
tration of citrate in anticoagulant citrate-dextrose solution gave a value 
of 2.07. This value was relatively close to the stated pH of 1.98 f 0.02 
(6). 


Since commercial systemic alkalizer solutions contain additives such 
as preservatives, flavoring, and coloring agents, the assay of a solution 
placebo is recommended. The placebo should be subjected to the same 
analytical steps as the sample, and necessary corrections should be made 
for titrant consumption, if any, by the placebo. In contrast, the com- 
pendium directs the use of water as a blank in the electrometric titration 


of citrate and no blank runs for the titration of citric acid. 
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Abstract  0 Elevated blood glucose levels attained by ad libitum 
drinking of 20% glucose solution inhibited in uiuo 0-dealkylation asso- 
ciated with the hepatic microsomal enzyme system. Significant inhibition 
of biotransformation was demonstrated after 1 day, with the maximum 
occurring a t  3 days. Inhibition was followed by a tendency to return to 
normal activity. Serum levels of substrate and product were determined 
by liquid chromatographic techniques using 55% acetonitrile and 45% 
0.1 M acetic acid as the mobile phase. 


Keyphrases Glucose levels, blood-effect of elevation on hepatic 
microsomal enzyme system, rats 0 Microsomal enzyme system-effect 
of elevated blood glucose levels, rats 0 Enzyme systems-effect of ele- 
vated blood glucose levels on hepatic microsomal enzymes, rats Bio- 
transformation-effect of elevated blood glucose levels on hepatic mi- 
crosomal enzyme system, rats 


The following reactions (1) are catalyzed by the 
mixed-function oxidase enzymes of the hepatic microsomal 
system: N- and 0-dealkylation, aromatic ring side-chain 
hydroxylation, sulfoxide formation, N-oxidation, N- 
hydroxylation, deamination of primary and secondary 
amines, and replacement of a sulfur by an oxygen atom. 
Previous investigators showed that elevated blood glucose 
levels have inhibitory effects on several of the biotrans- 
formations mentioned in addition to depressing the cy- 
tochrome P-450 levels of the system. Hartshorn et al. ( 2 )  
demonstrated, by in uitro microsomal studies in rats, the 
inhibition of N-demethylation of ethylmorphine and an- 
iline hydroxylase as well as depression of the cytochrome 
P-450 content. In uitro microsomal studies in mice (3) 
showed the inhibition of hexobarbital biotransformation, 
primarily oxidation of the side chain at C-5, and the N- 
dealkylation of benzphetamine in addition to cytochrome 
P-450 depression. Strother et al. (4), using the in uiuo 
technique of increased sleep time, also showed that ele- 


vated blood glucose levels delayed the biotransformation 
of various barbiturates in mice. 


This investigation established, by direct measurements 
in blood using liquid chromatography, that elevated blood 
glucose levels inhibit 0-dealkylation associated with the 
hepatic microsomal system. 


EXPERIMENTAL 


Animals-Adult male Sprague-Dawley rats, 180-200 g, were indi- 
vidually housed in temperature-, light-, humidity-, and air-controlled 
quarters. Commercial laboratory chow and drinking liquid, either water 
or 20% glucose.solution, were given ad libitum. 


Liquid Chromatography-A liquid chromatographic system con- 
taining a Cis column and an absorbance detector fixed at  254 nm was used 
isocratically’. The mobile phase consisted of 55% acetonitrile (HPLC 
grade) and 45% of 0.1 M acetic acid. Prior to use, the mobile phase was 
passed through a solvent-clarification apparatus to remove gases and 
particulates which might affect the column. Solvent delivery was at  a rate 
of 1 ml/min. Recordings were made a t  a chart speed of 0.5 cm/min. 


Reagen tgF ive  liters of 20% glucose solution was prepared at one time 
and stored in the refrigerator until needed. Methanol (HPLC grade) was 
used as a solvent for the internal standard and as a protein precipi- 
tant. 


Indomethacin2 (I) [ l-(p-chlorobenzoyl)-5-methoxy-2-methylindole- 
3-acetic acid] was used as a substrate for biotransformation and as a 
reference standard. 


0-De~methylindomethacin~ (11) was used as a reference standard for 
the biotransformation product. Compo,und I1 is a major product of the 


The liquid chromatographic system (Waters Associates, Milford, Mass.) was 
composed of a solvent delivery system (M 6000 A), a stainless steel pBondapak C18 
column, an absorbance detector (M 440), and an omniscribe recorder (Houston 
Instruments). * Lot L-590,226-00125A, generously supplied by Merck Sharp & Dohme Research 
Laboratories, Rahway, N.J. 


Lot L-594-957-00R10, generously supplied by Merck Sharp & Dohme Research 
Laboratories, Rahway, N.J. 
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Abstract The relative sweetness, onset times, and durations of re- 
sponse of D-glucose, D-xylose, D-quinovose, D-galactose, L-arabinose, and 
D-fucose were determined a t  four temperatures. The results can be in- 
terpreted by simple concepts of intramolecular hydrogen bonding which 
indicate that the so-called y-function of the tripartite AH,B,y sweet 
pharmacophore plays little or no part in sugar sweetness. Probably the 
Lemieux effect (intramolecular hydrogen bonding between the hy- 
droxymethyl substituent and the 4-hydroxy group) is of overriding im- 
portance in determining sugar sweetness, and the separate features of 
intensity and time of response indicate distinct functions of chemore- 
ception. The absence of a y-function in simple hydrophilic molecules such 
as glucose has already been emphasized. This function distinguishes them 
from the artificial sweeteners such as saccharin, which may be 500 times 
or more sweeter than sucrose, depending on their stereostructure and 
lipophilicity. 


Keyphrases 0 Sweet pharmacophore-structural function, relative 
sweetness of six sugars tested 0 Sugars-relative sweetness, onset time, 
and duration of response determined for six sugars, structural functions 
of the sweet pharmacophore Structure-activity relationships- 
structural functions of six sugars evaluated for sweetness 


The AH,B,y concept of the sweet pharmacophore (1,2) 
has been invoked recently (3,4) to explain differences in 
sweetness elicited by structurally related molecules. The 
pharmacophore may be considered (5)  as a scalene triangle 
with the acid function (AH) and the basic function (B) at  
two of the apexes while the lipophilic function ( y )  is at the 
third apex. The y-function may be important for sweetness 
intensity in molecules, such as the aminonitrobenzenes, 
that have a highly lipophilic character. Its role in sugar 
molecules is likely to be minimal. 


BACKGROUND 


Stepwise chemical modification of glucopyranoside molecules (3, 4, 
6) indicated that the 3,4-a-glycol is probably the primary AH,B unit. 
Therefore, the only likely location of the y-function is the methylene 
group at  C-6 of hexopyranosides. 


The galactopyranosides differ from the glucopyranosides only in the 
configuration of the hydroxyl grou at  C-4, and their primary AH,B units 
(0-0 interorbital spacings of 2.86 1) therefore are intrinsically equivalent 
to the glucopyranosides. However, in galactopyranosides, the hydroxyl 
group at  C-4 forms an intramolecular bond with the ring oxygen and thus 
is less available than the hydroxyl at C-4 of the glucopyranosides to bind 
with the taste receptor. Galacto-type structures are generally less sweet 
than gluco types, although the interplay of hydrogen bonding that governs 
the sweetness is temperature dependent. 


Another type of hydrogen bond that underlies the sweetness of sugars 
is the intramolecular hydrogen bond between the hydroxymethylene 
group of glucose (and galactose) and the C-4 hydroxyl. This enhances (5) 
the acidity of the C-4 hydroxyl proton and has been termed the Lemieux 
effect (7). Whether such an effect elevates or depresses sweetness in a 
molecule depends on the molecular structure and temperature. Hydrogen 
bonds may rupture as the temperature is increased so that effects as- 
cribable solely to their interplay diminish. 


Kier (2) and Holtje and Kier (8) explained the contribution of the third 
dispersion binding moiety to sweet taste and underlined its importance 
in molecules such as saccharin, neohesperidin dihydrochalcone, and ni- 
troanilines, which are 500-3000 times sweeter than sucrose. Since the low 
order of sweetness in sugars probably is due to the absence of an effective 


y-function, it is of structural interest to modify the y-effect. Recently, 
the temporal factor in the sweet response has excited some interest (9, 
101, and the persistence of the response has been attributed to an ordered 
localized concentration of stimulus molecules at  or near the receptor. 
Such a local concentration of molecules may be attributable to the 
y-function of the sweet pharmacophore, because the persistence of most 
simple sugars is similar. Alteration of the y-function of sugar molecules 
(e.g., by removal of the oxygen of the hydroxymethyl) would increase 
Iipophilicity and might increase sweetness and persistence. On the other 
hand, removal of the hydroxymethyl would eliminate the Lemieux effect, 
in which case the sweetness would diminish. 


To  explore these fine differences in analogous sugar structures, the 
sweetness and persistence of six structural analogs in the gluco and ga- 
lacto series of sugars were investigated. Relative sweetness and persis- 
tence values were determined a t  four temperatures to elucidate the im- 
portance of hydrogen bonding in the sweet response. 


EXPERIMENTAL 


6-Deoxy-a-D-methylglucoside (methyl a-D-quinovopyranoside, I) and 
D-quinovose (6-deoxy-a-D-glucose, 11) were prepared by a series of 
well-documented procedures in carbohydrate chemistry. D-Glucose (1111, 
D-xylose (Iv), D-galactose (v), L-arabinose (VI), D-fucose (VII) 
a-D-methylglucoside (methyl a-D-glucopyranoside, VIII), and 
a-D-methylxyloside (methyl a-D-xylopyranoside, IX) were purchased’ 
commercially. All compounds were purified by repeated crystallizations 
before use. 


The assessors were selected and trained according to well-established 
procedures (11). This training involved recognition of suprathreshold 
levels of the four basic tastes and ranking of different sucrose concen- 
trations. 


Equimolar (0.5 M) solutions were used, prepared 15 hr prior to tasting 
so that mutarotational effects were similar. The order of temperatures 
and presentation was randomized. 


Intensity Determinations-Ten panelists were presented with 3-ml 
samples in sealed glass vials equilibrated to the temperature of tasting. 
Prior to assessment, panelists were required to rinse their mouths con- 
tinuously for 20 sec with rinse water provided at  that temperature. A 
method of category scaling (0-10) was used. Panelists were presented with 
an internal standard (5) and were asked to score the sweetness of the other 
two solutions accordingly. Two-digit random numbers were used. Tast- 
ings were duplicated, i.e., 20 judgments for each compound at each 
temperature. Continual reference could be made to the standard, pro- 
vided the mouth was rinsed between tastings. Significance was deter- 
mined by the Student t test. 


Temporal Determinations-Immediately before tasting, 12 panelists 
were asked to  rinse their mouths continuously for 20 sec a t  the specific 
temperature under examination. A t  any sitting, three randomly chosen 
solutions were administered; 50 p12 was placed onto the tip of the ex- 
tended tongue. Panelists communicated visually the onset and persis- 
tence of the sweet taste, which were recorded on a stopwatch. Panelists 
waited a t  least 2 min before taking the next sample. The results were 
calculated as an analysis of variance, 4 X 6 X 12 “2 off’ unreplicated ex- 
periment (k, four temperatures, six sugars, 12 panelists). The 95% 
confidence lists are indicated in all figures by two times the standard error 
of the mean. 


RESULTS AND DISCUSSION 


Figure 1 shows the three galacto analogs and the sweetness of L-arab- 
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Figure 1-Sweetness of D-fucose and L-arabinose compared to D-ga- 
lactose (5) at 15,25,35, and 45'. Vertical bars represent the standard 
error of the mean. 


inose and D-fucose compared to D-galactose (which was given the value 
5.0 at each of the four temperatures, 15,25,35, and 45O). Both L-arabinose 
and D-fUC0S.e were sweeter than D-galactose throughout this temperature 
range; this finding is attributable to the two intramolecular hydrogen 
bonds in the latter sugar. The relative sweetness of L-arabinose and D- 
fucose increased with increasing temperature because more energy was 
needed to rupture the doubly intramolecularly hydrogen-bonded ga- 
lactose molecule. Although D-fucose possesses a y-function and L- 
arabinose does not, there was no significant difference in the sweetness 
of these two sugars throughout the temperature range. This finding il- 
lustrates the lack of importance of the y-site in these analogous structures 
and emphasizes the overriding property of intramolecular hydrogen 
bonding and the Lemieux effect, which depresses galactose sweetness. 


Figure 2 shows the three gluco analogs and the sweetness of D-xylose 
and D-quinovose compared to D-glucose over the same temperature range. 
D-Xylose had a similar sweetness to D-glucose at the lower temperatures, 
but xylose became significantly sweeter a t  higher temperatures. Both 
molecules have the same AH,B system at  the 3,4-a-glycol group, but 
presumably D-xylose, being the smaller molecule, is more sterically fa- 
vored by the receptor at the higher temperatures. At  the lower temper- 
atures, D-glucose undergoes the Lemieux effect, which enhances the 
acidity of the 4-hydroxy proton and, hence, increases sweetness so that 
it becomes similar to that of xylose. D-Quinovose has no Lemieux effect 
(being devoid of a C-4 oxygen) and was significantly less sweet than 
glucose at  lower temperatures. Only at  higher temperatures, when the 
Lemieux effect is no longer operational due to rupture of all intramo- 
lecular hydrogen bonds, did D-glucose and D-quinovose become sterically 
and sensorically equivalent. The y-site exerted no noticeable effect in 
any of these results. If it had, D-quinovose would have been sweeter than 
D-glucose at the higher temperatures. 


In a third experiment, the a-D-methylglycosides of the three gluco 
analogs were tested over the same temperature range. The resulting 
curves (Fig. 3) were similar to those of the free sugars (Fig. 2); this finding 
underlines the lack of involvement of the anomeric center. 
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Figure %-Sweetness of D-quinooose and D - x y h e  compared to D- 
glucose (5) a t  15,25,35, and 45'. Vertical bars represent the standard 
error of the mean. 


Shallenberger and Lindley (5) reported the dimensions of the scalene 
triangle (Fig. 4), which specifiy the tripartite sweet pharmacophore. In 
the gluco and galacto analogs studied, the favored conformation of all 
six analogs confines the y-site to c-6 of the hexoses. However, 6-deoxy- 
glucose (quinovose) was less sweet than glucose or xylose at  all but the 
highest temperature studied (Fig. 2), and the same exact pattern was 
repeated in the glycosides (Fig. 3). Only with 6-deoxygalactose (fucose) 
was there any increase of sweetness compared with the parent hexose. 
However, this result can be explained by the doubly intramolecularly 
hydrogen-bonded galactose structure (Fig. 1) as discussed earlier. Fur- 
thermore, fucose had the same sweetness as arabinose, in which the y-site 
is absent. Thus, the y-site is not of major importance in the relative 
sweetness of these analogous structures. 


It was pointed out recently (10) that the temporal factors in sweetness 
(i.e., onset time and duration of response) may be related to the approach, 
alignment, and localized concentration of the stimulus molecules in 
chemoreception. Sugars differ from many artificial sweeteners in that 
their durations decrease with increasing temperature, and this behavior 
may be a result of their ineffective y-sites. If the approach of a stimulus 
molecule to a sweet receptor governs the onset time and the localized 
concentration governs the duration of response, it is possible that both 
may be affected by changes in temperature. 


Figure 5 shows that the mean onset time of response of all six sugars 
decreased with increasing temperature, while Fig. 6 shows that their mean 
duration likewise decreased. These results are both significant ( p  < 0.001) 
and agree with those of Larson-Powers and Pangborn (12) for sucrose. 


The onset time may be a simple function of temperature-dependent 
diffusion whereas the duration may represent the accession of sapid 
molecules to localized concentrations or stores. Thus, the negative tem- 
perature effect again reflects the absence of an effective y-function. The 
present results also indicate that quinovose had a longer duration of 
sweetness than the other sugars at all temperatures tested, hut there were 
no other obvious structural differences between the sugars that could 
have affected their temporal response. 


If the y-site of the sweet pharmacophore is viewed as a function that 
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Figure 3-Sweetness of methyl a-D-xylopyranoside and methyl 
a-D-quinopyranoside compared to methyl a-D-glucopyranoside at 15, 
25, 35, and 45O. Vertical bars represent the standard error of the 
mean. 


facilitates the accession of stimulus molecules to receptors, 6-deoxy- 
hexoses might show high sweetness intensities and long durations. 
However, there is no reason to believe that a long duration of response 
(high localized concentration) should demand a high intensity (occupa- 
tion of receptors); a more accurate concept of taste chemoreception may 
involve the distinction of these factors as separate mechanisms (9 , lO) .  
Therefore, the observation that quinovose has a longer duration but a 
lower intensity of sweetness than glucose could be due to its enhanced 


Figure &-Dimensions of tripartite sweet pharmacophore represented 
by scalene triangle (5). 
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Figure 5-Mean onset time of sweetness of six analogs at 15,25,35, and 
45'. Vertical bars represent the standard error o f the  mean. 
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Figure 6-Mean persistence time (i.e., duration) of sweetness of six 
analogs at 15,25,35, and 45O. Vertical bars represent the standard error 
of the mean. 


localized concentration at  or near the same number of receptors as glu- 
cose. 


CONCLUSION 


Studies of a conformationally and configurationally defined class of 
sweeteners such as the sugars can result in particular deductions about 
the sweet pharmacophore. The results reported here underline the 
dominant role of hydrogen bonding in the sweetness of sugars and offer 
an explanation of the relative effects of analogous structures. Both in- 
tensity and time factors in the sweetness response depend on temperature 
and may contribute jointly to an understanding of the chemoreception 
of taste. 


Although Kier's (2) y-function appears to be virtually absent in normal 
sugar structures, it may be enhanced in 6-deoxyglucose. A more refined 
and detailed function of the y-site is postulated in that the latter may 
govern the approach, alignment, and localized concentrations of sweet- 
ener molecules a t  or near the receptor. These results confirm Kier's (2) 
original stipulations about the third binding site and extend the concept 
of the sweet pharmacophore to include intensity-time interactions of the 
sweet response. 
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Abstract 0 The crystal structure and solid-state behavior of aspirin 
anhydride were determined using single-crystal X-ray techniques and 
microscopic examination of the reacting crystals. The crystal structure 
and solid-state conformation of aspirin anhydride were similar to those 
of related compounds. The crystal packing of aspirin anhydride allows 
the initial product of the solid-state reaction to be predicted; however, 
this prediction could not be tested because the thermal degradation 
products reported in the literature appear to be those obtained from re- 
action in a liquid state. 


Keyphrases Aspirin anhydride-determination of crystal structure 
and solid-state behavior, X-ray crystallography and microscopy of re- 
acting crystals 0 Crystal structure-aspirin anhydride, determination 
of solid-state behavior of crystals Degradation, thermal-aspirin an- 
hydride end-products, crystal structure and solid-state behavior of aspirin 
anhydride determined 


The use of crystallographic data to explain the products 
of solid-state reactions has provided insight into these 
reactions and the factors controlling them (1-3). However, 
few studies have been conducted to determine the rela- 
tionship between the crystal structure and the degradation 
products of pharmaceuticals. The aim of this study was to 
investigate the products of the true solid-state reaction of 
aspirin anhydride in terms of the crystal packing. It is 
hoped that such studies will lay the groundwork for un- 
derstanding drug degradation in the solid state and how 
to prevent this degradation. 


This investigation involved a microscopic study of the 
behavior of solid aspirin anhydride during heating and 
determined the crystal structure of aspirin anhydride using 
single-crystal X-ray techniques. It was found that solid 
aspirin anhydride liquefies during reaction even at  50°. 


EXPERIMENTAL 


Preparation of Aspirin Anhydride-Aspirin anhydride was pre- 
pared following literature procedures for the reaction of acetylsalicylic 
acid with ethyl chloroformate (4,5). When 10 g of acetylsalicylic acid was 
mixed with 6.2 g of ethyl chloroformate with cooling, -4 g of crystals 
formed, mp 79-81’. Subsequent structure determination showed these 
crystals to be aspirin anhydride. 


Crystal Properties of Aspirin Anhydride (ClSH1407, mol. wt. = 
342.31)-The cr stals were tetragonal with a = 8.457(1), c = 23.166(6) 
A, V = 1656.85 k, z = 4, pealc = 1.372 g/cm3, p (20°, CuKa, X = 1.5418 
A) = 9.176 cm-’; systematic absences 001,Z # 4n; hOO (OkO), h # 2n (k 
# 2n); space group P41212 or P43212. The structure was determined as- 
suming space group P41212. 


Data Collection-A crystal of 0.49 X 0.48 X 0.20 mm3 was obtained 
from absolute ethanol by cooling and was aligned with its long axis par- 
allel to the 6 direction of a Picker four-angle diffractometer. The 6 di- 
rection thus was parallel to thea axis. Intensity data were collected with 
CuKa radiation and a scintillation counter for the reciprocal octant hkl 
to a 28 maximum of 133.85’ using a 8/28 scan of 2.4’ and a scan speed of 
30 seddegree. Background readings were taken for 10 sec a t  each end of 
the scan range. During the data collection (120 hr), the decay of two ref- 
erence reflections was only 6.7%. 


Equivalent reflections in the twosemioctants hkl (h > k )  and khl (h 
< k) were averaged using a discrepancy factor R of 0.067. If: 


the average was taken; otherwise, the reflection with the larger net count 
was retained. The total number of independent reflections was 946,645 
of which satisfied the criterion F > 3u(F) and were considered to be ob- 
served. Lorentz polarization corrections were applied to all data. No 
absorption correction was made. 


Structure Determination and Refinement-The 100 reflections 
of the largest E-forming 843 2 2  relationships were sorted with respect 
to the strength of the phase reliability given by the equation Uh = 
2a3a2-3/21Ehl (sz + C K ) ~ / ~ ,  where the symbols are defined by Karle and 
Karle (6). The convergence method was applied to generate 64 starting 
sets which, upon multiple-tangent refinement, yielded sets of phases with 
various figures of merit (7). An E-map calculated from the set of phases 
with the highest figure of merit revealed the positions of 12 of the 13 
nonhydrogen atoms. The remaining atom was the oxygen atom. 


Full matrix least-squares techniques were used to refine the structure. 
A weighting scheme (w-l= (IFob - B ) / A ) 2  + 1, where A = 2.5 and B = 
11.3) was also used. Refinement with nonhydrogen atoms proceeded 
smoothly to an R of 0.105 and a wR of 0.080. A difference Fourier map 
then revealed the positions of five of the seven hydrogen atoms, and the 
other two methyl hydrogen atom positions were calculated. The refine- 
ment holding the hydrogen atoms invariant with a temperature factor 
of Boverd + 1 then proceeded smoothly to an R of 0.085 and a WR of 0.074. 
Release of the constraints on the hydrogen atoms resulted in improve- 
ment of the R factor to 0.082 and chemically reasonable positions for the 
aromatic hydrogen atoms but unreasonable positions for the methyl 
hydrogen atoms; thus, these positions were recalculated, and the final 
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Abstract 0 Ethyl, n-dodecyl, and n-hexadecyl esters of urocanic acid 
(4-imidazoleacrylic acid) were prepared from 4-imidazolecarboxaldehyde 
in satisfactory yields uia the Wittig reaction. 


Keyphrases Urocanic acid-alkyl esters, synthesis uia Wittig reaction 
Wittig reaction-synthesis of alkyl esters of urocanic acid Sun- 


screens, potential-urocanic acid, synthesis of alkyl esters by Wittig re- 
action 


The finding that urocanic acid (4-imidazoleacrylic acid), 
a metabolite of histidine, occurs in human epidermis (1) 
has generated interest in the possible use of the acid and 
its alkyl esters in cosmetics as sunscreens (2-4). trans- 
Urocanic acid, which readily isomerizes to cis- urocanic acid 
when irradiated with UV rays (51, was reported to show 
excellent sunlight-screening action since it has noteworthy 
absorption in the UV range of 240-320 nm, which is similar 
to the erythema1 action spectrum (6). However, the utili- 
zation of urocanic acid is restricted because it is almost 
insoluble in oils or water unless it is derivatized to a proper 
salt, which, in turn, is readily removed by washing or per- 
spiration. In contrast, most urocanic acid esters are soluble 
in most oils, which adds to their practical applicability. 


Alkyl esters of urocanic acid generally have been syn- 
thesized by condensation of 4-imidazolecarboxaldehyde 
with malonic acid to give urocanic acid, which subse- 
quently is esterified (2,7-10). However, this two-step se- 
quence is time consuming and deficient in overall yield. 
Although urocanic acid also is produced by enzymatic 
deamination of L-histidine (ll), esterification of the acid 
with long-chain aliphatic alcohols is difficult due to the 
poor solubility of the acid in alcohols and organic sol- 
vents. 


The present report describes a convenient one-step 
synthesis of some alkyl esters of urocanic acid from 4- 
imidazolecarboxaldehyde via the Wittig reaction. 


EXPERIMENTAL 


Spectral  Measurement-IR spectra' were obtained on potassium 
bromide disks. The PMR spectrum was recorded on a 100-MHz spec- 
trometer2 with tetramethylsilane as the internal standard. The chemical 
shifts and coupling constants are represented by 6 and Hertz units, re- 
spectively. Mass spectra3 were measured at  an ionizing potential of 25 
ev. 


Chromatography-The high-performance liquid chromatograph4 
was equipped with a UV detector and a 500 X 3-mm i.d. glass column 
packed with vinyl acetate porous polymer gel5. The analyses were carried 
out with 0.75% (w/w) methanolic triethylamine as the eluent and naph- 
thalene as the internal standard. The column eluates were monitored at  
288 nm. 
Materials-4-Imidazolecarboxaldehyde (I), prepared according to 


the procedure reported by Pyman (121, was obtained as pale-yellow 
crystals, mp 173-174' [lit. (13) mp 173-174'1. Diethyl carbethoxy- 


Hitachi 215 spectrometer. 
Japan Electron Optics Laboratory model JNM-MH 100 instrument. 
Japan Electron Optics Laboratory model JMS-D 300 mass spectrometer 
Hitachi 635. 
TSK GEL LS-140, Toyosoda Co. 


methylphosphonate6 (11) was obtained commercially and used without 
further purification. Carbethoxymethylenetriphenylphosphorane (III), 
mp 118-119' [lit. (14) mp 116-117'1, and carbo-n-hexadecyloxymethy- 
lenetriphenylphosphorane (IV), mp 90-91.5' [lit. (14) mp 90-91'1, were 
prepared by the method of Isler et al. (14). Carbo-n-dodecyloxymethy- 
lenetriphenylphosphorane (V) was prepared in an analogous manner, 
yielding white crystals, mp 44.5-45.5'. All melting points are uncor- 
rected. 


Anal.-Calc. for C32H4102P C, 78.66; H, 8.46; P, 6.34. Found C, 78.37; 
H, 8.47; P, 6.29. 


Preparation of Ethyl Urocanate (V1)-Method A-To a stirred 
solution of the aldehyde (I) (1.92 g, 20 mmoles) and the phosphonate (11) 
(6.73 g, 30 mmoles) dissolved in 20 ml of N,N-dimethylformamide was 
added 0.96 g (40 mmoles) of sodium hydride at  room temperature. After 
gas evolution had ceased, the mixture was heated to 95' and held a t  that 
temperature for 3 hr. After removal of the solvent a t  reduced pressure, 
the residue was acidified with 5% HC1 with stirring and extracted with 
benzene (30 ml) to eliminate excess phosphonate. 


The aqueous layer was made basic with dilute sodium bicarbonate 
solution and extracted with two 15-ml portions of chloroform. The 
combined chloroform extracts were washed with water, dried over calcium 
sulfate, and concentrated to afford a pale-brown oil. After dehydration7 
a t  95O for 2 hr in U ~ C U O  and recrystallization from chloroform-petroleum 
ether, this oil gave 1.43 g of VI (43% yield) as white crystals, mp 81-82'; 
I R  1705 (C=O) cm-l;PMR (CDC13): 6 1.29 (t, 3H), 4.22 (q, 2H), 6.41 (d, 
lH, J = 16 Hz), 7.32 ( s ,  lH),  7.60 (d, lH, J = 16 Hz), and 7.74 (6, IH). 


Anal.-Calc. for CaHloN202: C, 57.82; H, 6.07; N, 16.86. Found C, 
57.73; H, 6.06; N, 16.89. 


Method B-A mixture of the aldehyde (I) (1.92 g, 20 mmoles), the 
phosphorane (111) (8.36 g, 24 mmoles), and dimethyl sulfoxide (25 ml) 
was maintained a t  130' for 3 hr. Evacuation of dimethyl sulfoxide in 
U ~ C U O  and similar workup gave 1.73 g (52% yield) of VI. 


Preparation of n-Dodecyl Urocanate (VI1)-A mixture of the al- 
dehyde (I) (1.92 g, 20 mmoles), the phosphorane (V) (11.73 g, 24 mmoles), 
and dimethyl sulfoxide (25 ml) was heated at  140' for 4 hr. To the reac- 
tion mixture was added 10% HCl (10 ml), and the mother liquor was 
evaporated in uacuo to dryness. The residual paste was washed with 
acetone-isobutanol, suspended in hot water (10 ml), and treated with 
dilute sodium bicarbonate solution to give a brown oil, which gradually 
crystallized on standing. 


The crystals were collected, washed with water, dehydrated a t  80' for 
2 hr in uacuo, and recrystallized from petroleum ether to yield 3.55 g of 
VII (58% yield) as white crystals, mp 61-62'; I R  1705 ( C 4 )  cm-'; mass 
spectrum: m/e 306 (M+, 44%), 277 ( l l ) ,  179 (30), 138 (751,122 (501,121 
(71), 95 (58), 94 (loo), and 82 (59). 


Anal.-Calc. for Cl~H30N202: C, 70.55; H, 9.87; N, 9.14. Found: C, 
70.27; H, 9.90; N, 9.14. 


In a similar manner, n-hexadecyl urocanate8 (VIII) was obtained as 
pale-yellow crystals (54% yield), mp 55-56'; I R  1705 (C=O) cm-'; mass 
spectrum: m/e 362 (M+, 59%), 333 (201,179 (40), 138 (53), 122 (691,121 
(64), 95 (65), 94 (63), and 82 (100). The mass calculated for C22H3sN202 
was 362.2933; the mass found was 362.2945. 


RESULTS AND DISCUSSION 


Although there have been several reports of the reaction of imidaz- 
olecarboxaldehydes with nucleophilic reagents (12, 15, 16), the Wittig 
reaction of the aldehydes generally has not been used. The reaction of 
8-xanthinecarboxaldehyde, which contains the 2-imidazolecarboxal- 


Aldrich Chemical Co. 
Ethyl urocanate is known to form a hemihydrate when isolated from aqueous 


media. In the present study, the crude product was dehydrated to obtain the an- 
hydrous ester; otherwise, a mixture of the two usually was obtained. Dehydration 
proceeded smoothly by heating the hydrated ester a t  fusion temperature in 


a Gas chromatographic and mass spectrometric analyses showed that the product 
contained -5% of the n-tetradecyl ester and 10% of the n-octadecyl ester. 


uacuo. 
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dehyde moiety, with carbethoxymethylenetriphenylphosphorane was 
reported (17). Thus, the aldehyde (I) was subjected to the reaction with 
the phosphonate (11) or the phosphorane (111) to yield the ethyl ester (VI) 
in satisfactory yield. In the reaction of I with I1 (Method A), 2 equivalents 
of sodium hydride were used, and aprotic polar solvents such as dimethyl 
sulfoxide and N,N-dimethylformamide were necessary to dissolve the 
sodium salt of I. The time conversion was monitored by high-performance 
liquid chromatography (HPLC), and I was converted to VI in a 58% yield 
when the reaction was carried out with 1.5 equivalents of I1 a t  95O for 3 
hr in N,N-dimethylformamide. The reaction rate was slower in dimethyl 
sulfoxide. 


On the other hand, I reacted readily with resonance-stabilized ylide 
I11 (Method B) in various solvents capable of dissolving I to yield VI. 
However, the reaction in ethanol resulted in a lower yield than in aprotic 
solvents, probably due to decomposition of 111 by a side reaction with 
ethanol. Of the several solvents used, dimethyl sulfoxide and diglyme 
were the most suitable for this reaction. The yields of VI for the reaction 
in dimethyl sulfoxide and in diglyme were 66 and 63%, respectively (molar 
ratio of I11 to I of 1.2, 130°, 3 hr). 


From the viewpoints of utility and facility, these results indicate that 
carboalkoxymethylenetriphenylphosphoranes are more appropriate for 
the preparation of esters of imidazoleacrylic acids containing an acidic 
imino hydrogen atom. Method B thus was applied to the preparation of 
long-chain alkyl esters. The aldehyde (I) was allowed to react with the 
phosphorane (V), and HPLC analysis of the reaction mixture showed the 
formation of n-dodecyl ester (VII) in a 70% yield. Similarly, I was con- 
verted, by the reaction with the phosphorane (IV), to n-hexadecyl ester 
(VIII) in 66% yield. 


These esters (VI-VIII) were soluble in most oils and had an absorption 
maximum at  290 nm in 0.75% (w/w) triethylamine in methanol. 
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Abstract 0 A high-pressure liquid chromatographic assay was developed 
for the determination of four water-soluble vitamins: niacinamide, 
pyridoxine, thiamine, and riboflavin. The four vitamins are assayed si- 
multaneously in multivitamin products not containing minerals. Thi- 
amine currently is not quantitated in formulations containing minerals 
because it is not stable under the extraction conditions. The method was 
applied to the analysis of a t  least 12 different multivitamin products, 
including various formulations of sterile products, fluids, compressed 
tablets, and coated, compressed tablets. The method is stability indi- 
cating and is applicable to single-tablet assays. 


Keyphrases n Niacinamide-simultaneous high-pressure liquid 


chromatographic analysis with pyridoxine, riboflavin, and thiamine in 
multivitamin products 0 P yridoxine-simultaneous high-pressure liquid 
chromatographic analysis with niacinamide, riboflavin, and thiamine 
in multivitamin products 0 Riboflavin-simultaneous high-pressure 
liquid chromatographic analysis with niacinamide, pyridoxine, and thi- 
amine in multivitamin products Thiamine-simultaneous high- 
pressure liquid chromatographic analysis with niacinamide, pyridoxine, 
and riboflavin in multivitamin products Vitamins-niacinamide, 
pyridoxine, riboflavin, and thiamine, simultaneous high-pressure liquid 
chromatographic analysis in multivitamin products 0 High-pressure 
liquid chromatography-analysis. niacinamide, pyridoxine, riboflavin, 
and thiamine in multivitamin products 


A substantial amount of information has been published 
since 1970 on the use of high-pressure liquid chromatog- 
raphy (HPLC) for the analysis of water-soluble vitamins. 
An excellent review of the subject was prepared by Witt- 
mer and Haney (1). Many of the alternative chemical and 
microbiological assay methods have time-consuming 
sample preparations and are not specific. HPLC is the 
preferred method for vitamin analysis, especially when the 
sample preparation is simple. 


A recent report described the simultaneous determi- 
nation of niacinamide, pyridoxine, thiamine, and riboflavin 
(2). Both the previously reported method and the method 
described in this paper use a paired-ion mobile phase 
system with a reversed-phase column (3). 


The HPLC procedure described in this report has been 
used for routine analysis for 3 years. The method has been 
applied to 12 different multivitamin formulations, and 
work is continuing to add more applications. An average 
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High-pressure Liquid Chromatographic Method with 
Postcolumn, In-Line Hydrolysis and Fluorometric 
Detection for Indomethacin in Biological Fluids 
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Abstract 0 A rapid and sensitive method for the analysis of indo- 
methacin in plasma and urine was developed using high-pressure liquid 
chromatography, postcolumn, in-line hydrolysis of indomethacin to a 
fluorophore, and detection of the fluorophore with a fluorometer. The 
lower limit of detection was 1.5 ng/ml of plasma. The coefficient of 
variation at  30 ng/ml of plasma was 4.5% (n  = 5). The nonconjugated 
metabolites of indomethacin, aspirin, and salicylate were resolved from 
indomethacin and the internal standard, a-methylindomethacin. 
Keyphrases Indomethacin-high-pressure liquid chromatographic 
determination using fluorometric detection, human plasma and urine 
o High-pressure liquid chromatography-analysis, indomethacin, flu- 
orometric detection following hydrolysis of indomethacin to fluorophore 
o Anti-inflammatory agents-indomethacin, high-pressure liquid 
chromatographic determination using fluorescence detection 


Indomethacin, a widely used anti-inflammatory, has 
been assayed in biological fluids and tissues by spectro- 
fluorometry (1-6), radiometric methods (7,8), GLC with 
electron-capture detection (9-12), GLC with selective-ion 
monitoring (13), high-pressure liquid chromatography 
(HPLC) (14-16), and TLC (17). 


BACKGROUND 


The original spectrofluorometric methods (1-5) were modified recently 
(6) to eliminate errors in the quantification of the drug caused by its 
metabolites, N-deschlorobenzoylindomethacin, O-desmethylindo- 
methacin, and N-deschlorobenzoyl-0-desmethylindomethacin (7). The 
5-0-desmethyl metabolites were destroyed by oxidation with cupric ion, 
and the N-deschlorobenzoyl metabolite resulting from alkaline hydrolysis 
of indomethacin was accounted for by a differential technique (hydrolysis 
versus no hydrolysis). The method was reported to be capable of quan- 
tifying 100 ng of indomethacin in 3 ml of plasma. 


Isotope dilution analyses have been developed for indomethacin, its 
metabolites, and their conjugates in biological fluids (7). Although capable 
of quantifying the parent drug and its metabolites, the method requires 
administration of radiolabeled drug. Its principal use is in ascertaining 
the metabolic fate of the drug. 


A radioimmunoassay for indomethacin was reported that can deter- 
mine concentrations as low as 50 ng/ml (8). The assay is highly cross- 
reactive to the glucuronide conjugates of indomethacin and desmethyl- 
indomethacin and is slightly cross-reactive to desmethylindo- 
methacin. 


The GLC methods include derivatization of the drug to facilitate 
chromatography as an integral part of the assay. Esters of the drug have 
been prepared successfully by alkylation with diazoalkanes (diazo- 
methane, diazoethane, and diazopropane) (9-12), by extractive alkylation 
with alkyl iodides (II), by alkylation in an organic solvent with alkyl io- 
dides in contrast to extractive alkylations ( l l ) ,  and by silylation with 
bis(trimethylsily1)acetamide (12). Diazomethane could be employed to 
esterify indomethacin without the concomitant methylation of the 
phenolic group of 5-0-desmethylindomethacin (12), which, if it occurred, 
could render the assay nonspecific. 


To eliminate the necessity for derivatization and the potential hazards 
with the diazoalkanes, HPLC methods recently were developed as an 
alternative to GLC (14-16). The UV absorbance of the drug is used as 
a means of detection. Detection limits of 100 ng/ml of serum were re- 
ported for two of the HPLC methods, with absorbance of the drug being 
measured a t  200 (15) and 235 (16) nm. 


An HPLC method with postcolumn, in-line, alkaline hydrolysis of 
indomethacin to a fluorophore and measurement of the generated fluo- 


rophore with a fluorometric detector was developed to: ( a )  increase the 
sensitivity above that achievable with a UV absorbance detector and ( b )  
reduce the biological background relative to indomethacin in extracted 
samples by increasing the specificity in detection. Furthermore, since 
hydrolysis was performed in-line, sample preparation and workup were 
considerably less intensive than with conventional spectrofluorometric 
methods. 


EXPERIMENTAL 


Apparatus-A liquid chromatographic system was assembled from 
two high-pressure reciprocating pumps'; a stainless steel chromato- 
graphic column (25 cm X 4 mm i.d.) packed with microparticulate ma- 
teria12; an automatic injector3; coiled polytef tubing (4.8 m X 0.7 ern i.d.), 
which served as a postcolumn, in-line reactor; a water bath4 (64') in which 
the polytef tubing was immersed; a T-fitting5, which served to connect 
the reactor, one pump, and the column; and a fluorescence detector6. 
Fluorescence was quantified with an integrator-calculator'. 


Samples were chromatographed in the reversed-phase mode. An al- 
kaline solution was introduced into the mobile phase exiting the column 
to hydrolyze indomethacin and the internal standard (a-methylin- 
domethacin) to fluorophores. The fluorophores were excited at 295 nm 
with the detector, and fluorescence of <340 nm was excluded with a cutoff 
filter. 


Solutions-The mobile phase was 76% methanol in 0.025 M phosphate 
buffer (pH 4.0), prepared from monobasic potassium phosphate and 
phosphoric acid. The volumetric flow rate of the mobile phase was 1.0 
ml/min. 


The alkaline solution introduced into the mobile phase, postcolumn, 
was 0.1 N NaOH at a flow rate of 0.1 ml/min. 


b-Glucuronidases (0.5 mg/ml) was dissolved in 0.5 M citrate buffer (pH 
5) prepared from citric acid monohydrate and sodium hydroxide. 


Indomethacing and a-methylind~methacin~ were weighed accurately 
and dissolved in methanol to prepare working solutions of 1.4 and 7 pglml, 
respectively. Methanolic solutions (5 pg/ml) of N-deschlorobenzoyl- 
0-desmethylind~methacin~, N-deschlorobenzoylindomethacing, and 
0-desmethylind~methacin~ were prepared and used to ascertain the 
resolution of metabolites from indomethacin and the internal stan- 
dard. 


Plasma Extraction-Extraction of plasma samples was carried out 
in silanized glass, 40-ml, stoppered centrifuge tubes. Citrate buffer (1 ml 
of a 0.5 M solution, pH 5.0) and ethylene dichloride (10 ml) were added 
to the plasma samples (1 ml). The centrifuge tubes were sealed with 
polytef stoppers and shaken gently with a horizontal shaker for 20 min. 
They then were centrifuged at lOOOXg for 5 min, and the upper aqueous 
layer was aspirated. The remaining organic phase was carefully poured 
into a conical test tube (15 ml) and evaporated to dryness under nitrogen 
in a 50' water bath. The residues were dissolved in methanol (100 pl), 
and the solution was mixed with a vortex mixer. 


Extraction of Urine-Urine samples were prepared for analysis in 
a manner similar to that described for the plasma samples. In addition, 
prior to extraction with ethylene dichloride, P-glucuronidase (0.3 ml of 
a 5000-units/ml solution) was added to the buffered urine sample to 
hydrolyze the glucuronide conjugate. The contents were incubated at 37' 
for 30 min. These hydrolytic conditions (incubation time and amount 


Model 6000 A solvent delivery system, Waters Associates, Milford, Mass. 
ODS-Hypersil, Shandon Southern. 
WISP automatic sample processor, Waters Associates, Milford, Mass. 
Model 1420 Thermomix, B. Braun. 
Altech, Arlington Heights, Ill. 
Model FS970 fluorometer, Schoeffel Instrument Corp., Westwood, N.J. 
Model 4100, Spectra-Physics, Santa Clara, Calif. 
Type B-10 (10,000 unitdmg), Sigma Chemical Co., St. Louis, Mo. 
Merck Sharp and Dohme Research Laboratories, West Point, Pa. 
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Figure 1-Chromatograms from blank plasma (1 ml) (A) and from 
plasma (1 ml) containing 89.4 ng of indomethacinlml(1) and 298 ng of 
cu-methylindomethacinhl(2) (B). 


of enzyme) produced the maximum amount of free indomethacin in urine 
samples from subjects previously administered the drug. 


Standard Curves-Standard curves were generated by spiking blank 
plasma and urine samples (1-mi volumes) with varying amounts of in- 
domethacin and a constant amount of internal standard. Microliter ali- 
quots of the working solutions or a 1:lO dilution of the working solution 
were added to the biological samples. The internal standard concentra- 
tions in the plasma and urine samples were 0.25 and 2.5 pglml, respec- 
tively. The indomethacin concentration ranges in the plasma and urine 
samples were 0.03-3.0 and 0.3-30 pg/ml, respectively. 


The samples were prepared according to the extraction procedures 
described. Plots of the peak area ratios (indomethacin to internal stan- 
dard) against the respective indomethacin concentrations were linear. 
Typical standard curves for indomethacin in plasma and urine had a 
correlation coefficient of 0.9999. 


The coefficients of variation for five replicate assays at  0.03,0.09,0.3, 
0.9, and 3.0 pglml of plasma were 4.5,1.8,1.2,0.6, and 0.9%, respectively. 
The coefficients of variation for five replicate assays at 0.3,0.9,3.0,8.9, 
and 29.8 pglml of urine were 2.8,0.9,0.9,1.2, and O.$%, respectively. 


A typical chromatogram for a plasma extract is presented in Fig. 1. The 
retention times for indomethacin and the internal standard were 7.5 and 
9.5 min, respectively. Chromatograms obtained from urine ertracts over 
the concentration range studied were similar to those obtained from the 
plasma extracts; only the background peak at  5 min was discernible. 


RESULTS AND DISCUSSION 


The achievable detection limit for indomethacin in plasma using the 
method described is 1.5 nglml(1 ml of plasma volume). The method is 
as sensitive as GLC methods utilizing electron-capture detection [2 (12) 
and 5 (11) nglsample] but does not require derivatization. The high 
sensitivity of the method is due in part to the detection snecificity that 
results from a low biological background relative to indomethacin. The 
high sensitivity permits the use of biological samples of C1 ml. 


The recoveries of indomethacin (400 ng/ml) and the internal standard 
(400 ng/ml) were >99% when the compounds were extracted from plasma 
using the described procedure. Helleberg (10) showqd that the recovery 
of indomethacin was nearly quantitative (95%) when serum was buffered 
at pH 5.0 and extracted with ethylene dichloride. The recoveries de- 
creased markedly when the pH was greater or less than pH 5.0 


The maximum responses (peak area) for indomethacin and cu-meth- 
ylindomethacin were achieved by delivering 0.1 N NaOH at  a volumetric 
flow rate of 0.1 mllmin, postcolumn, into the mobile phase. As the sodium 
hydroxide concentration or the volumetric flow rate was increased, the 
responses decreased. At optimal conditions, the pH of the mixed streams 
leaving the reactor coil was 9.0. Hvidberg et al. (4), in investigating hy- 


drolytic conditions for a spectrofluorometric method, stated that the 
fluorescence develops slower but to a greater intensity in buffers that are 
less alkaline than 0.1 N NaOH. 


The reactor coil was heated in a water bath to facilitate rapid, in-line 
conversion of indomethacin to the fluorophore. Under the hydrolytic 
conditions described, the response per mole of indomethacin was greater 
than that for deschlorobenzoylindomethacin, the presumed hydrolysis 
product. Hence, the hydrolysis product apparently is converted to a 
nonfluorescent species as it proceeds through the reactor coil. However, 
although processes secondary to the hydrolysis of indomethacin are likely 
to occur in the reaction coil, the method is sensitive and reproducible. 


The peak shape and resolution also were improved markedly by heating 
the reaction coil. It is possible that the flow characteristics approached 
that of plug flow at  the elevated temperature. 


The three major nonconjugated metabolites of indomethacin, N- 
deschlorobenzoyljndomethacin, O-desmethylindomethacin, and 0- 
desmethyl-N-deschlorobenzoylindomethacin, all had retention times 
less than the retention time of indomethacin. Aspirin and salicylate also 
had shorter retention times. Therefore, these compounds did not con- 
stitute a source of error in indomethacin quantification. 


By utilizing a solvent gradient (methanol and 0.01 M phosphate buffer, 
pH 4.0), the drug and metabolites could be resolved from each other 
within 15 min. Thus, with fluorometric detection, this method has the 
potential to guantify the metabolites in addition to indomethacin, as is 
the case with a recently published HPLC method using spectrophoto- 
metric detectiou (16). 


The method has been used to analyze indomethacin in over 1000 bio- 
logical samples collected for a multiple-dose bioavailability studylo. No 
deterioration of column performance or of the assay as a whole was ob- 
served. 
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problem because the citrate assay and subsequent calculation directly 
reflect the citrate content, regardless of the original free citric acid con- 
centration. 


Approximate calculation of the pH a t  the equivalence point of the 
compendia1 citrate titration showed that the value differed markedly 
from the stated pH of 1.55. The calculated value of 1.81 was obtained 
when the preparation was assumed to contain the labeled quantities of 
citrate and citric acid, using a K,, value of 7.45 X lo-* and a Kaz value 
of 1.73 X at  25’ for citric acid (5) and assuming that the third dis- 
sociation was negligible. Applying the same approximate calculation to 
compute the pH at  the equivalence point of a similar electrometric ti- 
tration of citrate in anticoagulant citrate-dextrose solution gave a value 
of 2.07. This value was relatively close to the stated pH of 1.98 f 0.02 
(6). 


Since commercial systemic alkalizer solutions contain additives such 
as preservatives, flavoring, and coloring agents, the assay of a solution 
placebo is recommended. The placebo should be subjected to the same 
analytical steps as the sample, and necessary corrections should be made 
for titrant consumption, if any, by the placebo. In contrast, the com- 
pendium directs the use of water as a blank in the electrometric titration 


of citrate and no blank runs for the titration of citric acid. 
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Abstract  0 Elevated blood glucose levels attained by ad libitum 
drinking of 20% glucose solution inhibited in uiuo 0-dealkylation asso- 
ciated with the hepatic microsomal enzyme system. Significant inhibition 
of biotransformation was demonstrated after 1 day, with the maximum 
occurring a t  3 days. Inhibition was followed by a tendency to return to 
normal activity. Serum levels of substrate and product were determined 
by liquid chromatographic techniques using 55% acetonitrile and 45% 
0.1 M acetic acid as the mobile phase. 


Keyphrases Glucose levels, blood-effect of elevation on hepatic 
microsomal enzyme system, rats 0 Microsomal enzyme system-effect 
of elevated blood glucose levels, rats 0 Enzyme systems-effect of ele- 
vated blood glucose levels on hepatic microsomal enzymes, rats Bio- 
transformation-effect of elevated blood glucose levels on hepatic mi- 
crosomal enzyme system, rats 


The following reactions (1) are catalyzed by the 
mixed-function oxidase enzymes of the hepatic microsomal 
system: N- and 0-dealkylation, aromatic ring side-chain 
hydroxylation, sulfoxide formation, N-oxidation, N- 
hydroxylation, deamination of primary and secondary 
amines, and replacement of a sulfur by an oxygen atom. 
Previous investigators showed that elevated blood glucose 
levels have inhibitory effects on several of the biotrans- 
formations mentioned in addition to depressing the cy- 
tochrome P-450 levels of the system. Hartshorn et al. ( 2 )  
demonstrated, by in uitro microsomal studies in rats, the 
inhibition of N-demethylation of ethylmorphine and an- 
iline hydroxylase as well as depression of the cytochrome 
P-450 content. In uitro microsomal studies in mice (3) 
showed the inhibition of hexobarbital biotransformation, 
primarily oxidation of the side chain at C-5, and the N- 
dealkylation of benzphetamine in addition to cytochrome 
P-450 depression. Strother et al. (4), using the in uiuo 
technique of increased sleep time, also showed that ele- 


vated blood glucose levels delayed the biotransformation 
of various barbiturates in mice. 


This investigation established, by direct measurements 
in blood using liquid chromatography, that elevated blood 
glucose levels inhibit 0-dealkylation associated with the 
hepatic microsomal system. 


EXPERIMENTAL 


Animals-Adult male Sprague-Dawley rats, 180-200 g, were indi- 
vidually housed in temperature-, light-, humidity-, and air-controlled 
quarters. Commercial laboratory chow and drinking liquid, either water 
or 20% glucose.solution, were given ad libitum. 


Liquid Chromatography-A liquid chromatographic system con- 
taining a Cis column and an absorbance detector fixed at  254 nm was used 
isocratically’. The mobile phase consisted of 55% acetonitrile (HPLC 
grade) and 45% of 0.1 M acetic acid. Prior to use, the mobile phase was 
passed through a solvent-clarification apparatus to remove gases and 
particulates which might affect the column. Solvent delivery was at  a rate 
of 1 ml/min. Recordings were made a t  a chart speed of 0.5 cm/min. 


Reagen tgF ive  liters of 20% glucose solution was prepared at one time 
and stored in the refrigerator until needed. Methanol (HPLC grade) was 
used as a solvent for the internal standard and as a protein precipi- 
tant. 


Indomethacin2 (I) [ l-(p-chlorobenzoyl)-5-methoxy-2-methylindole- 
3-acetic acid] was used as a substrate for biotransformation and as a 
reference standard. 


0-De~methylindomethacin~ (11) was used as a reference standard for 
the biotransformation product. Compo,und I1 is a major product of the 


The liquid chromatographic system (Waters Associates, Milford, Mass.) was 
composed of a solvent delivery system (M 6000 A), a stainless steel pBondapak C18 
column, an absorbance detector (M 440), and an omniscribe recorder (Houston 
Instruments). * Lot L-590,226-00125A, generously supplied by Merck Sharp & Dohme Research 
Laboratories, Rahway, N.J. 


Lot L-594-957-00R10, generously supplied by Merck Sharp & Dohme Research 
Laboratories, Rahway, N.J. 
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Figure 1-Chromatogram of indomethacin, desmethylindomethacin, 
and the internal standard. Key: A ,  0.5 ml of water used as the aqueous 
medium; B ,  0.5 ml of serum used as the aqueous medium; 1 ,  desmeth- 
ylindomethacin; 2 ,  internal standard; and 3, indomethacin. 


biotransformation of I in humans (5) and in various laboratory animals 
(6). 


l-(p-Fluorobenzoyl)-5-methoxy-2-methylindole-3-acetic acid4 (111) 
was used as the internal standard for chromatography. 
In Vivo Biotransformation-The animals drank the 20% glucose 


solution for varying times (1,3,5,7, and 10 days). Each experimental 
group consisted of six rats chosen at  random from the pool. The control 
group contained eight rats. To reduce the workload on the day of sacrifice, 
each group was divided in half, with the second half starting 1 day later. 
All groups in each half were sacrificed the same day. Controls were started 
at the same time as the 10-day experimental group. The glucose solutions 
were replaced daily to avoid bacterial growth and contamination. On the 
morning of the day of sacrifice, all animals were tested for glucose in their 
urine. 


Following the urine test, the animals were weighed and injected with 
a saline solution of I (10 mghg ip) solubilized by titrating to pH 7.6-8.0. 
The animals then were returned to their cages and sacrificed by decapi- 
tation 30 min later. The blood was collected, allowed to clot, and centri- 
fuged; the serum was stored at from -10 to -2OO until analyzed. During 
collection, an aliquot of whole blood was removed and tested for glucose 
with glucose reagent strips5 and a reflectance colorimeter6. 


A preliminary study of blood I and I1 levels versus time showed an 
increase in concentration of both to a maximum at 15 min. The suc- 


DAYS OF TREATMENT 
Figure 2-Serum glucose levels. Key: 0,  significant differences from 
control, p < 0.05, as determined by the Student t test. 


Lot 620-370-00203. generouslv suDdied bv Merck Sham & Dobme Research 
~ ._ 


Laboratories, Rahway,’kJ. 
5 Dextrostix, Ames Division of Miles Laboratories, Elkhart, Ind. 
6 Eyetone, Ames Division of Miles Laboratories, Elkhart, Ind. 
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Figure 3-Serum indomethacin levels. 
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ceeding fall in concentration was measurable to a t  least 2 hr. The 0.5-hr 
point was chosen because of relatively high I and I1 concentrations. It was 
also assumed that little if any I was removed from the injection site and 
that the blood levels were the result of cellular uptake, biotransformation, 
and excretion on the maximum levels, in short, normal metabolic path- 
ways. 


Analysis-To analyze the serum for I and I1 properly, substances that 
would interfere with the proper function of the column, principally 
protein, had to be removed. Methanol was added to the serum to pre- 
cipitate the protein. Furthermore, methanol increased the solubility of 
the compounds under investigation and reduced the number of transfers 
needed to put them on the column. Four volumes of methanol served 
adequately. 


The procedure used 0.5 ml of serum and 2 ml of methanol containing 
a fixed concentration of 111. The mixture was agitated on a vortex mixer 
to ensure complete mixing and was centrifuged for 10 min, and the su- 
pernate was filtered to remove any particulate material. A 10-pl aliquot 
was placed on the column, and the peak areas were determined from 
standard curves. 


Standard curves were prepared by plotting the ratio of the peak area 
produced by I or I1 divided by the peak produced by I11 uersus the 
standard concentration. Recovery experiments showed that there was 
no loss of the three compounds if the 0.5-ml portion was methanol, water, 
or serum. Thus, no corrections for recovery had to be made. Figure 1 
shows chromatograms of substrate, product, and internal standard added 
to either water or serum from a rat receiving no injections, the differences 
being the substances present in serum that do not interfere with the 
compounds under investigation. A complete chromatogram required 7 
min. 


All data are reported as the group mean f SE. Significance top < 0.05 
was determined by the Student t test. 


RESULTS AND DISCUSSION 


All animals showed good growth patterns with no significant difference 
in body weight. The average weight at sacrifice ranged from 263 f 6 to 
278 f 5 g; the control group was not one of the extremes. Whole blood 
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DAYS OF TREATMENT 
Figure 4-Serum desmethylindomethacin levels. Key: 0 ,  significant 
differences from control, p < 0.05, as determined by the Student t 
test. 
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Figure 5-Ratio of indomethacin divided by desmethylindomethacin. 
Key: 0 ,  significant differences from control, p < 0.05, as determined 
by the Student t test. 


glucose levels (Fig. 2) were significantly elevated after 1 day and remained 
so. Although their blood levels were higher than those of the controls, 
none of the experimental animals had glucose in their urine on the day 
of sacrifice. 


Figures 3 and 4 represent the serum levels of I and 11, respectively. 
There were no significant differences in the substrate during the exper- 
iment. However, there were significant differences in the product level 
from Day 1 on. The maximum inhibition occurred at  Day 3, followed by 
a tendency toward control levels as time ptogressed. 


Elevated blood glucose levels obtained by oral administration of the 
20% glucose solution rapidly led to inhibition of the hepatic microsomal 


mixed-function oxidase, which catalyzed 0-dealkylation within 1 day. 
Although serum insulin levels were not measured, it can be projected from 
the urine levels at  sacrifice and from the data presented by Hartshorn 
et al. (2) that the results were not due to hypoinsulinemia. Inversion of 
the inhibition after the maximum level at  Day 3 confirmed earlier findings 
(7) that inhibition is short lived and returns to normal even though glu- 
cose administration is prolonged. 


Since there were no significant differences in the blood substrate levels, 
the biotransformation inhibition could only be accounted for by the 
glucose affecting enzymatic activity. Kinetic studies (3) indicated that 
glucose caused mixed inhibition (competitive and noncompetitive) and 
altered the enzyme at  the active site and at  an allosteric site. The inver- 
sion of inhibition may have been caused by induction of new enzyme as 
well as displacement of old enzyme, freeing more active sites. Figure 5 
shows the ratio of substrate to product, representing the biotransfor- 
mation of I to I1 under the influence of glucose and time. 
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Abstract A stability-indicating, high-performance liquid chromato- 
graphic method was developed for the simultaneous determination of 
hydroxyzine hydrochloride and benzyl alcohol in injection solutions. 
Separation was achieved using a PBondapak CIS column and the eluent 
[60% water, 25% acetonitrile, and 15% methanol containing 0.06% (v/v) 
sulfuric acid, 0.5% (w/v) sodium sulfate, and 0.02% (w/v) heptanesulfonic 
acid sodium salt] at  a flow rate of 2 ml/min. Isobutyrophenone and p -  
nitroacetophenone were used as internal standards. The UV detector 
response at  257 nm was linear for hydroxyzine hydrochloride in the 3- 
10-mg/ml range and for benzyl alcohol in the 0.541.8-mg/ml range under 
analysis conditions. The method is accurate, simple, and precise. 


Keyphrases 0 High-performance liquid chromatography-simulta- 
neous determination of hydroxyzine hydrochloride and benzyl alcohol, 
injection solutions Analysis, simultaneous-high-performance liquid 
chromatographic method for hydroxyzine hydrochloride-benzyl alcohol 
injection solutions Injection solutions-high-performance liquid 
chromatographic method for simultaneous determination of hydroxyzine 
hydrochloride and benzyl alcohol 


Hydroxyzine hydrochloride is usually formulated with 
benzyl alcohol as a preservative (bacteriostatic) in injection 
solutions. Depending on conditions such as pH, light ex- 
posure, and temperature, photolysis occurs in solution, 


resulting in the formation of p-chlorobenzophenone, p- 
chlorobenzaldehyde, p-chlorobenzoic acid, and 1-[2-(2- 
hydroxyethy1)ethyllpiperazine dihydrochloride (1, 2). The 
compendia1 assay for hydroxyzine hydrochloride injection, 
based on titration of the free base with perchloric acid, is 
not indicative of drug stability in solution (3). From an 
analytical standpoint, a simple, rapid, and precise method 
is desirable for the simultaneous determination of both the 
drug substance and the preservative in the formulation. 


This paper describes the development of a high-per- 
formance liquid chromatographic (HPLC) method for 
hydroxyzine hydrochloride and benzyl alcohol in an in- 
jectable formulation. The method is stability indicating 
of both ingredients in solution. 


EXPERIMENTAL 


Instrumentation-The chromatographic system was equipped with 
a dual-piston reciprocating pump’, a universal injector2, and a vari- 


Model 6000A, Waters Associates, Milford, Mass. 
Model U6K, Waters Associates, Milford, Mass. 
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Abstract 0 The crystal structure and solid-state behavior of aspirin 
anhydride were determined using single-crystal X-ray techniques and 
microscopic examination of the reacting crystals. The crystal structure 
and solid-state conformation of aspirin anhydride were similar to those 
of related compounds. The crystal packing of aspirin anhydride allows 
the initial product of the solid-state reaction to be predicted; however, 
this prediction could not be tested because the thermal degradation 
products reported in the literature appear to be those obtained from re- 
action in a liquid state. 


Keyphrases Aspirin anhydride-determination of crystal structure 
and solid-state behavior, X-ray crystallography and microscopy of re- 
acting crystals 0 Crystal structure-aspirin anhydride, determination 
of solid-state behavior of crystals Degradation, thermal-aspirin an- 
hydride end-products, crystal structure and solid-state behavior of aspirin 
anhydride determined 


The use of crystallographic data to explain the products 
of solid-state reactions has provided insight into these 
reactions and the factors controlling them (1-3). However, 
few studies have been conducted to determine the rela- 
tionship between the crystal structure and the degradation 
products of pharmaceuticals. The aim of this study was to 
investigate the products of the true solid-state reaction of 
aspirin anhydride in terms of the crystal packing. It is 
hoped that such studies will lay the groundwork for un- 
derstanding drug degradation in the solid state and how 
to prevent this degradation. 


This investigation involved a microscopic study of the 
behavior of solid aspirin anhydride during heating and 
determined the crystal structure of aspirin anhydride using 
single-crystal X-ray techniques. It was found that solid 
aspirin anhydride liquefies during reaction even at  50°. 


EXPERIMENTAL 


Preparation of Aspirin Anhydride-Aspirin anhydride was pre- 
pared following literature procedures for the reaction of acetylsalicylic 
acid with ethyl chloroformate (4,5). When 10 g of acetylsalicylic acid was 
mixed with 6.2 g of ethyl chloroformate with cooling, -4 g of crystals 
formed, mp 79-81’. Subsequent structure determination showed these 
crystals to be aspirin anhydride. 


Crystal Properties of Aspirin Anhydride (ClSH1407, mol. wt. = 
342.31)-The cr stals were tetragonal with a = 8.457(1), c = 23.166(6) 
A, V = 1656.85 k, z = 4, pealc = 1.372 g/cm3, p (20°, CuKa, X = 1.5418 
A) = 9.176 cm-’; systematic absences 001,Z # 4n; hOO (OkO), h # 2n (k 
# 2n); space group P41212 or P43212. The structure was determined as- 
suming space group P41212. 


Data Collection-A crystal of 0.49 X 0.48 X 0.20 mm3 was obtained 
from absolute ethanol by cooling and was aligned with its long axis par- 
allel to the 6 direction of a Picker four-angle diffractometer. The 6 di- 
rection thus was parallel to thea axis. Intensity data were collected with 
CuKa radiation and a scintillation counter for the reciprocal octant hkl 
to a 28 maximum of 133.85’ using a 8/28 scan of 2.4’ and a scan speed of 
30 seddegree. Background readings were taken for 10 sec a t  each end of 
the scan range. During the data collection (120 hr), the decay of two ref- 
erence reflections was only 6.7%. 


Equivalent reflections in the twosemioctants hkl (h > k )  and khl (h 
< k) were averaged using a discrepancy factor R of 0.067. If: 


the average was taken; otherwise, the reflection with the larger net count 
was retained. The total number of independent reflections was 946,645 
of which satisfied the criterion F > 3u(F) and were considered to be ob- 
served. Lorentz polarization corrections were applied to all data. No 
absorption correction was made. 


Structure Determination and Refinement-The 100 reflections 
of the largest E-forming 843 2 2  relationships were sorted with respect 
to the strength of the phase reliability given by the equation Uh = 
2a3a2-3/21Ehl (sz + C K ) ~ / ~ ,  where the symbols are defined by Karle and 
Karle (6). The convergence method was applied to generate 64 starting 
sets which, upon multiple-tangent refinement, yielded sets of phases with 
various figures of merit (7). An E-map calculated from the set of phases 
with the highest figure of merit revealed the positions of 12 of the 13 
nonhydrogen atoms. The remaining atom was the oxygen atom. 


Full matrix least-squares techniques were used to refine the structure. 
A weighting scheme (w-l= (IFob - B ) / A ) 2  + 1, where A = 2.5 and B = 
11.3) was also used. Refinement with nonhydrogen atoms proceeded 
smoothly to an R of 0.105 and a wR of 0.080. A difference Fourier map 
then revealed the positions of five of the seven hydrogen atoms, and the 
other two methyl hydrogen atom positions were calculated. The refine- 
ment holding the hydrogen atoms invariant with a temperature factor 
of Boverd + 1 then proceeded smoothly to an R of 0.085 and a WR of 0.074. 
Release of the constraints on the hydrogen atoms resulted in improve- 
ment of the R factor to 0.082 and chemically reasonable positions for the 
aromatic hydrogen atoms but unreasonable positions for the methyl 
hydrogen atoms; thus, these positions were recalculated, and the final 
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Table I-Final Parameters (Estimated Standard Deviation) x,yg X lo4, Vu X lo3 Az, Temperature Factors = 
e~p[-2rZ(a*~h~LT*--  + + 2b*c*klUz~)]  


Atom X Y 2 u11 u2z u 3 3  u12 u13 u 2 3  


115 (4) -5 (3) - u 2 3  l ( 2 )  -13(2) 19 (2) 
-1 (2) 


2 (2) -17 (2) 
2 i 2 )  100 (3) 


6g(2) 96(3) 67 (2) -2 (2) 


0-1 1516 (4) x 0 56 (2) 
0-2 3471 (5) 2484 (5) 552 (2) 
0-3  4499 (4) 261 (5) 1356 (2) 48 (2) 
0-4  6920 (5) 649 (6) 1014 (2) 95 (3) 99 (3) -12 (3) 19 (3) -11 (2) 
c-1 
c-2 
c -3  
c-4 
c -5  
C-6 
c-7 
C-8 
c -9  


3240 (6) 
4136 (6) 
4616 (7) 
4154 (8) 
3233 (8) 
2780 (6) 
2824 (6) 
5947 (7) 
6083 (8) 


-305 (6) 
-806 (7) 


-2355 (7) 
-3464 (7) 
-3030 (6) 
-1464 (7) 


1347 (7) 
957 (7) 


2086 (9) 


446 (2) 
913 (2) 
979 (2) 
580 (3) 
119 (3) 
60 (2) 


351 (2) 
1356 (3) 
1843 (3) 


-11 (3) 
-11 (3) 
-3 (4) 


7 (3) 
-9 (3) 
-4 (3) 


-13 (3) 
13 (3) 


-24 (4) 


-4 (3) 
-7 (3) 
10 (3) 
4 (4) 


-7 (3) 
-3 (3) 


-10 (3) 
1(3)  


-26 (4) 


W 


Figure 1-View of aspirin anhydride along the (018) direction. The ellipsoids are drawn with a probability of 60% and the isotropic spheres of 
the hydrogen atoms with the arbitrary radius of 0.147 A .  


refinement was performed holding the hydrogen atom positions and 
temperature factors constant. The final R was 0.082 and WR was 0.065. 
Table I lists the final atomic positions and temperature factors. 


Figure 1 gives a stereoscopic view of the aspirin anhydride molecule 
along the (018) direction. The molecule has point group symmetry C-2 
with the unique oxygen atom situated on the diad axis of the crystal 
structure. 


Figure 2 shows a stereoscopic drawing of the crystal packing of aspirin 
anhydride. 


Tables I1 and I11 list the bond lengths and angles in aspirin anhy- 
dride. 


Table IV describes the deviation of atoms C-7,O-2,O-3, and 0-1 from 
the best plane through the ring atoms C-1 through C-6. The plane through 
these six ring atoms gives a x2 of 14.94, indicating a probability of <0.01 
that these atoms are planar. 


Table V lists the dihedral angles for the various atoms. In addition, the 
angle of twist of the anhydride, i.e., the angle between the plane through 
C-7, 0-1, and 0-2 and the plane through C-7', 0-2', and 0-1 was 54". 
Table VI lists the contacts of less than 3.5 A. 


The solid-state behavior of aspirin anhydride crystals grown from 


Figure 2-Stereoscopic view of the crystal packing of aspirin anhydride. 
The origin is at the bottom left with a across and b vertical. 


ethanol was studied. Single crystals were heated on a hot stage at  various 
temperatures. Liquefication was observed a t  all temperatures. Even at  
the lowest temperature (50°), liquefication occurred after 11 days. 


DISCUSSION 


The general molecular geometry of aspirin anhydride is consistent with 
that of other anhydrides such as p-bromobenzoic anhydride (8) in that 


Table 11-Bond Lengths and Important Intramolecular Contacts 
in A s i r i n  Anhydride with Standard Deviations in Parentheses 


Atom Bond Atom Bond 


0-1-C-7 1.380 (6) C-2-C-3 1.380 (9) 
0-2-C-7 1.202 (7) c-3-c-4 1.374 (9) 
0-3-C-2 1.400 (7) c-44-5 1.371 (9) 
0-3-C-8 1.359 i7i C-5-C-6 1.385 is i  _ _  _ .  


0-4-0-8 1.172 i7j c - 8 4 - 9  i.483 i i j  
c-1-c-2 1.387 (7) C-7-0-4 3.835 (7) 
C-1-C-6 1.382 (7) c-8-0-2 3.084 (7) 
C-1-C-7 1.457 (8) 0-2-C-7' 2.772 (7) 


Table 111-Bond Angles in Aspirin Anhydride with Standard 
Deviations in Parentheses 


Atom Bond Atom Bond 


C-7'-0-1-C-7 120.9 (4) C-1-C-2-C-3 122.5 ( 5 )  
0-1-(2-7-0-2 120.7 (5) C-3-C-2-0-3 117.8 (5) 
0- 1-C-7-C-1 112.5 (4) c-2-0-3-c-8 118.5 141 _ -  - _  _ _  ~~~. 


0-2-c-7-C-i 126.8 iij c-2-c-3-c-4 iiG iij 
c-7-c-1-c-2 122.9 (5) C-3-C-4-C-5 120.2 (6) 
C-7-C-1-C-6 121.0 (5) C-4-C-5-C-6 119.3 ( 5 )  
C-2-C-1-C-6 116.1 ( 5 )  C-5-C-6-C-1 122.5 (5) . ,  


C-1-C-2-0-3 119.6 ( 5 )  
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Table IV-Deviation of All Atoms of Aspirin Anhydride from the 
Best Plane through the Ring Atoms C-1 through C-6 


~~ 


Atom 
Deviation 


from plane, A 
c-1 c-2 
c - 3  
c-4 
c -5  
C-6 
0-1 
0 - 2  
0-3 
0 - 4  
c-7 
C-8 
c-9 


-0.015 
0.013 


-0.004 
-0.004 


0.002 
0.007 
0.360 


-0.471 
0.144 
2.030 


-0.095 
-0.974 
-0.639 


Table V-Dihedral Angles in  Degrees for Aspirin Anhydride 


Atom Anale 


0-3-c-2-c-1-c-7 
c-2-c-1-c-7-0-2 
c-2-c-1-c-7-0-1 


c-6-c-1-c-7-0-2 
c-2-0-3-c-84-9 
C-2-0-3-C-8-0-4 
c-1-c-2-0-3-c-8 
C-3-C-2-0-3-C-8 
C-6-C-1-C-2-0-3 
C-3-C-2-C- 1-C-6 
c-3-c-2-c-1-c-7 


C-6-C- 1-C-7-0- 1 


8.5 (8) 
19.9 (9) 


-158.4 ( 5 )  
23.1 (7) 


-158.6 (5) 
177.9 ( 5 )  
-3.2 (8) 


-99.4 (6) 
84.4 (6) 


-172.9 (5) 
3.2 (8) 


-175.4 (5) 


Table VI-Contact Distances 53.5 A Involving Nonhydrogen 
Atoms 


Atoms Distance 


0-2.X-3 ('12 - X, YZ + y, '14 - Z) 
0-2-C-4 (x, y + 1, Z) 
0-2.-C-5 (y + 1, X, Z) 
0-4-C-5 (y + 1, X, Z) 
0 - 4 4 - 6  (V + 1. X. Zl 


3.446 (7) 
3.476 (7) 


the geometry is syn rather than anti. However, the crystal packing of 
aspirin anhydride is different from that of p-bromobenzoic anhydride. 
The bond lengths, angles, and torsion angles are consistent with those 
of the related acetylsalicylic acid and salicylic acid. The crystal packing 
indicates that a particular product should predominate during solid-state 
reaction; however, published studies indicate that numerous products 
are formed (4), probably because liquefication occurs during the reac- 
tion. 


Bond Lengths and Angles-The bond lengths (Table 11) are within 
20 of those of acetylsalicylic acid (9) except for the bond lengths involving 
the carboxyl group of the anhydride: C-7-0-1 is 1.380(6) in aspirin an- 
hydride versus 1.29 in aspirin; C-7-0-2 is 1.202(7) in aspirin anhydride 
versus 1.24 in aspirin; and C-7-C-1 is 1.457(8) in aspirin anhydride versus 
1.50 in aspirin. Similarly, the bond lengths of aspirin anhydride are within 
2a of those for salicylic acid (lo), except for C-7-0-2 and C-7-0-1, which 
are 1.23 and 1.31 in salicylic acid, respectively. 


The bond angles in aspirin anhydride differ from those in aspirin and 
salicylic acid only around the anhydride and acetyl groups. The angles 
in aspirin anhydride versus aspirin that differ by more than 2' (20) are: 
C-7-C-1-C-2, 122.9 versus 125; 0-2-C-7-C-1, 126.8 versus 118; 0-2- 
C-7-0-1,120.7 versus 123; and O-l-C-7-C-1,112.5 versus 119. For aspirin 
anhydride versus salicylic acid, the angles that differ by more than 2' 
(2a) are: C-7-C-l-C-2,122.9 versus 120; C-6-C-l-C-2,116.1 versus 119; 
C-l-C-2-C-3,122.5 versus 120; 0-2-C-7-C-1,126.8 versus 123; and 0- 
1-C-7-C-1,112.5 uersus 116. 


syn anti 


I 


II 


None of these differences in bond lengths or angles are major, and they 
probably reflect the slightly different electronic and steric requirements 
of the anhydride versus the acid functionality. 


Molecular Conformation and Torsion A n g l e e h p i r i n  anhydride 
adapts a nonplanar syn-conformation instead of the anti -conformation 
that might be expected to be more planar. The angle of twist of the car- 


m N 
Scheme I-Benzoyl transfer reactions of phenylnzotribenzoylmethne 


(ZIZ). 


1 aspirin anhydride 


w 1 
aspirin anhydride 


v 
1 


I 


VIII 


1 


M 
Scheme ZI-Possible acyl transfer reaction in solid aspirin 


anhydride. 
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bony1 groups with respect to each other is 54'. A similar syn-conformation 
is observed in p-bromobenzoic anhydride crystals. The anhydride group 
in aspirin anhydride is twisted from the plane of the benzene ring sig- 
nificantly more than is the acid group in either acetylsalicylic acid or 
salicylic acid. In aspirin, the C-2-C-1-C-7-0-2 torsion angle is -2'; in 
salicylic acid, it is lo, in aspirin anhydride, it is 19.9(9)'. The acetyl group 
is rotated about the C-2-0-3 bond in both aspirin anhydride and 
acetylsalicylic acid. The torsion angle C-1-C-2-0-34-8 ia 99.4O in aspirin 
anhydride and 86' in aspirin. 


Solid-state Reactions and Crystal Packing-The following gen- 
eralizations can be made concerning the solid-state thermal reactions 
of aspirin anhydride (4): 


1. Water contamination increases the thermal instability of aspirin 
anhydride. 


2. Thoroughly dried, high-purity aspirin anhydride has enhanced 
thermal stability. 


3. Removal of the aspirin anhydride degradation products (i.e., acetic 
acid and acetic anhydride) by a stream of heated air inhibits liquefication 
and stabilizes aspirin anhydride. 
4. The thermal degradation products include all possible mixed an- 


hydrides from acyl and benzoyl transfer reactions; however, the end- 
products are I and I1 (4). It is likely that the end-products observed are 
due to the reaction in both the solid and liquid states. 


The crystal packing of aspirin anhydride was investigated to see if any 
predictions concerning the products of the solid-state reactions can be 
made. In particular, the crystal packing was investigated to see if the 
formation of a single acyl or benzoyl transfer product could be pre- 
dicted. 


The O-.C=O intramolecular contacts are listed in Table 11. No in- 
tramolecular O-C=O contacts of C4.0 A were observed. The intramo- 
lecular contacts are within the normal range of O-C=O interactions (11) 
but are not unusually short since the shortest intramolecular interaction 
reported by Burgi et al. was 2.58 A (11). In addition, the conversion of 
the yellow form of phenylazotribenzoylmethane (111) to a-phenylazo- 
8-benzoyloxybenzolacetophenone (IV) involves a benzoyl migration in 
a case where the O-C=O distance is 2.757 A (12). In aspirin anhy- 
dride, the shortest O-C=O distance is 2.772 A; however, rearrangement 
involving this contact regenerates aspirin anhydride. Acyl transfer in- 
volving the next closest contact (3.084 A) leads to V and VI (or the 
equivalent radicals; Scheme 11), which degrades to VII and VIII. If VI 
and VII recombine, aspirin anhydride is regenerated; if VIII and VI 
combine, IX is formed. Thus, a true solid-state reaction with cage re- 


combination would be expected to yield IX. 
Indeed, IX was synthesized and found to give the same degradation 


products as aspirin anhydride (4). Thus, the decomposition products of 
aspirin anhydride are completely consistent with crystal packing. How- 
ever, a true solid-state reaction is expected to yield only IX. The fact that 
other products are isolated indicates that other reactions also occur. This 
finding is reasonable since liquefication of aspirin anhydride crystals 
occura even at  50'. Careful study of the initial stages of aspirin anhydride 
degradation is in order, perhaps using high-pressure liquid chromatog- 
raphy, to see if IX is an initial product in aspirin anhydride degrada- 
tion. 
In summary, this paper illustrates the predictions and insight into the 


degradation of solid pharmaceuticals that can be gained by a combined 
X-ray crystallographic and photomicrographic study. Future studies of 
the degradation of solid pharmaceuticals wil l  involve application of these 
techniques and should lead to both a better understanding of the solid- 
state degradation of pharmaceuticals and to improved methods of sta- 
bilization of pharmaceuticals. 
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dehyde moiety, with carbethoxymethylenetriphenylphosphorane was 
reported (17). Thus, the aldehyde (I) was subjected to the reaction with 
the phosphonate (11) or the phosphorane (111) to yield the ethyl ester (VI) 
in satisfactory yield. In the reaction of I with I1 (Method A), 2 equivalents 
of sodium hydride were used, and aprotic polar solvents such as dimethyl 
sulfoxide and N,N-dimethylformamide were necessary to dissolve the 
sodium salt of I. The time conversion was monitored by high-performance 
liquid chromatography (HPLC), and I was converted to VI in a 58% yield 
when the reaction was carried out with 1.5 equivalents of I1 a t  95O for 3 
hr in N,N-dimethylformamide. The reaction rate was slower in dimethyl 
sulfoxide. 


On the other hand, I reacted readily with resonance-stabilized ylide 
I11 (Method B) in various solvents capable of dissolving I to yield VI. 
However, the reaction in ethanol resulted in a lower yield than in aprotic 
solvents, probably due to decomposition of 111 by a side reaction with 
ethanol. Of the several solvents used, dimethyl sulfoxide and diglyme 
were the most suitable for this reaction. The yields of VI for the reaction 
in dimethyl sulfoxide and in diglyme were 66 and 63%, respectively (molar 
ratio of I11 to I of 1.2, 130°, 3 hr). 


From the viewpoints of utility and facility, these results indicate that 
carboalkoxymethylenetriphenylphosphoranes are more appropriate for 
the preparation of esters of imidazoleacrylic acids containing an acidic 
imino hydrogen atom. Method B thus was applied to the preparation of 
long-chain alkyl esters. The aldehyde (I) was allowed to react with the 
phosphorane (V), and HPLC analysis of the reaction mixture showed the 
formation of n-dodecyl ester (VII) in a 70% yield. Similarly, I was con- 
verted, by the reaction with the phosphorane (IV), to n-hexadecyl ester 
(VIII) in 66% yield. 


These esters (VI-VIII) were soluble in most oils and had an absorption 
maximum at  290 nm in 0.75% (w/w) triethylamine in methanol. 


REFERENCES 


(1) A. Zenisek, J. A. Kral, and I. M. Hais, Biochim. Biophys. Acta, 


(2) C. Pasini, Farmaco, Ed. Sci., 11,998 (1958). 
(3) I. M. Hais and A. Zenisek, Am. Perfum. Aromat., 73(9), 26 


(4) J. H. Anglin, Jr., Cosmet. Toiletries, 91.47 (1976). 
(5) S. Edelbacher and F. Heitz, Hoppe-Seylers Z. Physiol. Chem., 


(6) R. G. Freeman, D. W. Owens, J. M. Knox, and H. T. Hudson, J.  


(7) G. Barger and H. D. Dakin, Biochem. J. ,  10,376 (1916). 
(8) S. Akabori, S. Ose, and T. Kaneko, Proc. Imp. Acad. (Tokyo), 16, 


(9) 2. Horii, K. Sakurai, and K. Tomino, Yakugaku Zasshi, 74,408 


(10) N. Miyashita, Y. Emata, and M. Narita, Japanese pat. 28500 


(11) M. Tanaka and N. Nakamura, Japanese pat. 4997 (1972). 
(12) F. L. Pyman, J. Chem. Soc., 109,186 (1916). 
(13) R. A. Turner, C. F. Huebner, and C. R. Scholz, J. Am. Chem. Soc., 


(14) 0. Isler, H. Gutmann, M. Montavon, R. Ruegg, G. Ryser, and P. 


(15) W. Hubball and F. L. Pyman, J. Chem. Soc., 121,21 (1928). 
(16) R. G. Jones and K. C. McLaughlin, J. Am. Chem. Soc., 71,2444 


(17) H. Bredereck and B. F6hlisch, Chem. Ber., 95,414 (1962). 


18,589 (1955). 


(1959). 


279.63 (1943). 


Invest. Dermatol., 47,586 (1966). 


191 (1940). 


(1954). 


(1975). 


71,2801 (1949). 


Zeller, Helv. Chim. Acta, 40,1242 (1957). 


(1949). 


Simultaneous Determination of Niacinamide, Pyridoxine, 
Riboflavin, and Thiamine in Multivitamin Products by 
High - Pressure Liquid Chromatography 


M. C. WALKER", B. E. CARPENTER, and E. L. COOPER 
Received February 19,1980, from the Control Division, The Upjohn Company, Kalamazoo, MI 49001. 
1980. 


Accepted for publication July 10, 


Abstract 0 A high-pressure liquid chromatographic assay was developed 
for the determination of four water-soluble vitamins: niacinamide, 
pyridoxine, thiamine, and riboflavin. The four vitamins are assayed si- 
multaneously in multivitamin products not containing minerals. Thi- 
amine currently is not quantitated in formulations containing minerals 
because it is not stable under the extraction conditions. The method was 
applied to the analysis of a t  least 12 different multivitamin products, 
including various formulations of sterile products, fluids, compressed 
tablets, and coated, compressed tablets. The method is stability indi- 
cating and is applicable to single-tablet assays. 


Keyphrases n Niacinamide-simultaneous high-pressure liquid 


chromatographic analysis with pyridoxine, riboflavin, and thiamine in 
multivitamin products 0 P yridoxine-simultaneous high-pressure liquid 
chromatographic analysis with niacinamide, riboflavin, and thiamine 
in multivitamin products 0 Riboflavin-simultaneous high-pressure 
liquid chromatographic analysis with niacinamide, pyridoxine, and thi- 
amine in multivitamin products Thiamine-simultaneous high- 
pressure liquid chromatographic analysis with niacinamide, pyridoxine, 
and riboflavin in multivitamin products Vitamins-niacinamide, 
pyridoxine, riboflavin, and thiamine, simultaneous high-pressure liquid 
chromatographic analysis in multivitamin products 0 High-pressure 
liquid chromatography-analysis. niacinamide, pyridoxine, riboflavin, 
and thiamine in multivitamin products 


A substantial amount of information has been published 
since 1970 on the use of high-pressure liquid chromatog- 
raphy (HPLC) for the analysis of water-soluble vitamins. 
An excellent review of the subject was prepared by Witt- 
mer and Haney (1). Many of the alternative chemical and 
microbiological assay methods have time-consuming 
sample preparations and are not specific. HPLC is the 
preferred method for vitamin analysis, especially when the 
sample preparation is simple. 


A recent report described the simultaneous determi- 
nation of niacinamide, pyridoxine, thiamine, and riboflavin 
(2). Both the previously reported method and the method 
described in this paper use a paired-ion mobile phase 
system with a reversed-phase column (3). 


The HPLC procedure described in this report has been 
used for routine analysis for 3 years. The method has been 
applied to 12 different multivitamin formulations, and 
work is continuing to add more applications. An average 
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Table I-Average Percent Recovery of Vitamins from Various 
Formulation Placebos 


Table  11-Precision for  the HPLC Determinations of 
Niacinamide. Pyridoxine. Riboflavin. and Thiamine 


Recovery, % 
Formulation Niacin- Pyri- Ribo- Thi- 


Placebo amide doxine flavin amine 


RSD, % 
Niacin- Pyri- Ribo- T h  ia- 


Dosage Form amide doxine flavin mine 


Compressed tablet 99.7 99.9 100.8 100.1 
Coated, 100.0 98.8 101.4 100.2 


Coated, com- 98.8 99.4 99.1 - 
compressed 
tablet 


pressed tablet 
with minerals 


of 16 assays can be run per day. Sample preparation is 
minimal and involves only a one-step extraction into an 
internal standard solution and filtration. The method is 
stability indicating and is applicable to single-tablet as- 
says. 


EXPERIMENTAL 


Chromatographic Conditions-The equipment consisted of a 
suitable liquid chromatographic pump capable of operating a t  -1000 psi 
and 1 ml/min, an automated injector with a fixed-volume 20-4 loop, a 
dual-wavelength (254 and 280 nm) UV detector, and a reversed-phase 
CIS column'. 


Mobile Phase-The mobile phase contained 25% methanol and 1% 
acetic acid in water. The hexanesulfonic acid sodium salt concentration 
was adjusted to 3-8 X lo-" A4 to optimize chromatography and vitamin 
quantitation. 


Internal  Standard Solution-The internal standard solution was 
made up in the mobile phase to contain -0.05 mg of p-hydroxybenzoic 
acid/ml. For multivitamin-mineral formulations, the internal standard 
solution also contained -4 mg/ml of diethylenetriamine peritaacetic acid 
as the sodium salt. 


Reference Standard Solution-All reference standard solutions were 
prepared using USP reference standards dissolved in the internal stan- 
dard solution. 


Sample Preparation-A representative number of tablets was ground 
lo a fine powder. To an accurately weighed sample was added exactly 25.0 
ml of the internal standard solution. The mixture was shaken mechani- 
cally for -1 hr, filtered, and injected onto the column. Samples formu- 
lated with coated vitamins were heated, before shaking, a t  -70° for 20 
niin. 


RESULTS AND DISCUSSION 


To quantitate all four vitamins in one chromatographic run without 
changing the detector sensitivity, a dual-wavelength detection system 


240 250 260 270 280 290 300 310 320 
WAVELENGTH, nm 


Figure I-Absorption characteristics of vitamins in the mobile 
phase. 


WBondapak Cla or equivalent, Waters Associates. 


Injectable 1.1 1 .o 1.7 1.2 
Compressed tablet 1.4 1.7 1.8 0.6 
Coated, compressed 1.2 2.0 1.5 1.8 


tablet 


tablet with minerals 
Coated, compressed 1.2 1.9 1.4 - 


was adopted. Figure 1 shows the absorption characteristics of the various 
vitamins in the mobile phase. Niacinamide, thiamine, and riboflavin 
usually are monitored at 254 nm; pyridoxine is quantitated a t  280 nm. 
The linear response of the system was determined for the following vi- 
tamin concentration ranges: niacinamide, 0.21-0.50 mg/ml; pyridoxine, 
0.01-0.06 mg/ml; thiamine, 0.02-0.10 mg/ml; and riboflavin, 0.018-0.042 
mg/ml. 


The accuracy of the methodology was established from spiked placebo 
recovery experiments. Results for three representative formulations are 
given in Table I. The percent recoveries reported for the compressed 
tablet, a chewable formulation, are averages of six determinations. The 
corresponding placebo samples were spiked in the range of 80-100% of 
the theoretical amount. Results for the coated compressed tablet are 
averages of five different placebo samples spiked with 70-120% of the 
theoretical amount. Averages of four replicate samples spiked at the 
theoretical value are reported for the multivitamin-mineral dosage 
form. 


Reproducibility of the assay is excellent. Relative standard deviations 
for representative dosage forms are given in Table 11. The precision data 
were obtained in a routine assay laboratory by several analysts over a 
period of at  least 3 months and using a t  least two different columns. 


Comparison between the HPLC method and current assay results for 
seven representative dosage forms are shown in Table 111. On the average, 
the HPLC and available assay results agree within 2%. The HPLC results 
for niacinamide and pyridoxine are compared to the microbiological 


A .. 


TIME 
Figure 2-Chromatogram of a multivitamin-mineral formulation. 
Niacinamide (A), p-hydroxybenzoic acid (internal standard) (C), th i -  
amine (D), and riboflavin (E) were monitored at 254 nm. Pyridoxine (B) 
and the internal standard (C) were monitored at 280 nm. The mobile 
phase contained 2.5% methanol, 0.1 76 heranesuifonic acid sodium salt, 
and 2 %  acetic acid. 


100 J Journal of Pharmaceutical Sciences 
Vol. 70, No. 1, January 1981 







Table 111-Comparison between HPLC Method and  Cur ren t  Assay Results fo r  Several  Commercial Dosage Forms 


Amount of Vitamin per Tablet, mg 
Niacinamide Pyridoxine Thiamine Riboflavin 


Dosage Form HPLC Microbiological HPLC Microbiological HPLC Chemical HPLC Chemical 


Compressed tablet 
Form A lot 1 21.8 22 
Form A lot 2 21.9 22 
Form A lot 3 21.7 22 


Coated compressed 
tnhlet 


Form I3 lot 4 108 
Form B lot 5 107 
Form C lot 6 21.7 


107 
112 
22.2 


2.18 2.2 
2.26 2.3 
2.18 2.1 


7.3 
7.2 
2.42 


7.8 
7.6 
2.30 


1.94 1.87 1.92 1.95 
1.97 1.90 1.89 1.91 
2.00 1.90 1.94 1.91 


11.9 11.9 10.7 10.9 
11.5 11.3 10.7 10.7 


1.74 1.71 1.83 1.86 
Form C lot 7 21.6 21.6 2.47 2.50 1.72 1.74 1.90 1.96 


Form D lot 8 21.2 21.1 2.50 2.52 - - 1.98 1.97 
Form D lot 9 21.5 21.9 2.50 2.45 - - 1.90 1.88 
Form E lot 10 101 103 7.1 6.9 - - 10.2 10.5 


- 1.90 1.90 
Form E lot 11 104 
Form F lot 12 14.6 14.9 2.3 2.4 - 
Form F lot 13 14.9 15.4 2.4 2.5 - - 1.87 1.85 
Form G lot 14 21.3 21.2 2.42 2.55 - - 1.85 1.80 
Form G lot 15 20.8 21.8 2.36 2.50 - - 1.84 1.87 


Multivitamin-mineral 
tablet 


109 7.2 7.0 - - 10.5 10.7 


TIME 
Figure 3-Chromatogram of a multivitamin-mineral sample imme- 
diately after extraction with the mobile phase (I) and wilh the mobile 
phase containing 4 mg of diethylenetriamine pentaacetic acid sodium 
saltfml (2). Niacinamide (A), pyridoxine (R),  riboflavin (I?), and thi- 
amine (0) were monitored at 280 nm. The mobile phase contained 27“,, 
methanol, 0.14% hexanesulfonic acid sodium salt, and I T i  acetic 
acid. 


procedure results. The current methods for thiamine and riboflavin are 
l‘luorometric assays. 


For most formulations, a 30-60-min extraction of the ground tablet 
with the internal standard solution gave excellent recoveries. Samples 


containing coated vitamins must be warmed to a t  least the melting point 
of the coating to extract the vitamins completely from the gelatin ma- 
trix. 


A stability problem is associated with vitamin-mineral formulations. 
After extraction, both ascorbic acid and thiamine are unstable in solution 
in the presence of minerals, especially ferrous and cupric salts. If a 
metal-cbelating agent was not added to the extraction solution, only 
60-70% of the thiamine was recovered, and four degradation product 
peaks appeared, which could interfere with the chromatographic run. 
The addition of 4 mg of diethylenetriamine pentaacetic acid sodium 
salt/ml increased thiamine recovery to 95%. Placebo mixtures containing 
both ascorbic acid and thiamine showed no chromatographic interference 
f’rom excipients or degradation products. Samples of vitamin-mineral 
lormulations were chromatographed within 24 hr of preparation. Figure 
2 shows the chromatogram of a multivitamin-mineral formulation 
sample. 


In the absence of cupric and ferrous salts, the vitamin solutions are 
stable for a t  least 2 months when stored in a refrigerator protected from 
light. To establish that the HPLC assay is stability indicating, vitamin 
solutions were subjected to accelerated degradation conditions. The 
decomposition peaks of riboflavin and pyridoxine do not interfere with 
the chromatography of the vitamins. However, thiamine degradation 
peaks elute with the internal standard peak. The validity of the assay for 
these samples was proven without including the internal standard peak 
in the calculations. Figure 3 shows the chromatogram of a multivi- 
tamin-mineral sample immediately after extraction with the mobile 
phase and with the mobile phase containing 4 mg of diethylenetriamine 
pentaacetic acid sodium salt/ml. 


The HPLC method described here has been implemented for many 
different multivitamin formulations, such as injectable products, fluids, 
compressed tablets, and coated, compressed tablets. Work is underway 
to improve the recovery of thiamine from formulations containing min- 
erals and to increase the number o f  applications for the assay. 
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Quality Control of Phenylbutazone I: Analysis of 
Phenylbutazone and Decomposition Products in Drugs by TLC 
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Abstract a A modified TLC procedure for the analysis of phenylbuta- 
zone and its degradates on silica plates is reported. This method avoids 
phenylbutazone degradation in situ by chelating the iron of the silica 
plate, which allows rapid characterization with a fluorescence indicator. 
A selective and sensitive assay of phenylbutazone (0.025 pg), using a 
chromatographic spectrophotometer, was performed on silica plates 
without a fluorescence indicator. Quantitative analysis of an injectable 
solution is outlined. 


Keyphrases Phenylbutazone-degradation products, TLC, quali- 
tative and quantitative analyses, UV reflectometric measurements on 
plates 0 Degradation-phenylbutazone, qualitative and quantitative 
analyses TLC-analysis, phenylbutazone and degradation products 


Stability studies of phenylbutazone (I) in drugs and raw 
materials have been widely reported (1-7). A semiquan- 
titative method to estimate the degradation products by 
TLC (1) was later modified (2) to minimize the rapid air 
oxidation of phenylbutazone on the silica coating, which 
occurs during analysis (2,4,8). This paper demonstrates 
the original causes of phenylbutazone degradation on 
precoated silica plates and proposes a TLC procedure to 
avoid this decomposition. An accurate estimation of phe- 
nylbutazone and its main degradation products can be 
achieved with a chromatogram spectrophotometer. 


BACKGROUND 


Under normal conditions, phenylbutazone (I) is oxidized. The main 
decomposition products were identified, and the mechanism of their 
formation was proposed previously (2,9). 


In TLC, phenylbutazone degradation in situ on the silica plate is not 
always evident (1,6,10). Various investigators reported this decompo- 
sition (2,8) and proposed modified procedures to delay the formation 
of the major oxidation products on the plate [oxyphenbutazone, 4-hy- 
droxyphenylbutazone, 11, and N-(2-~arboxycaproyl)hydrazobenzene, 
1111. 


Oxidation on the plate, which occurs with other pyrazolones (8,11,12), 
may be important; after 2 hr of contact, decomposition may reach 100%, 
depending on the coating material and the solvent system. Macek (8) 
suggested that this reaction probably is due to the iron content of the 
silica. 


Empiric studies suggested preparation of the coating by mixing silica 
with pH 6 McIlvaine buffer (citric acid-dibasic sodium phosphate) (2), 
bismuth nitrate (13), or acid sodium sulfite (4). 


To clarify the cause of the degradation, silica plates impregnated with 
either 0.2 M Na2HP04 or 0.1 M citric acid were prepared (2). In the first 
case, significant I degradation occurred; in the second case, no decom- 
position was observed even after 1 hr of contact. This test indicated that 
degradation on the plate was not mainly due to the acidic pH of the silica, 
although phenylbutazone decomposition is accelerated under acid and 
alkaline conditions (1, 9, 14, 15). When using pH 6 McIlvaine buffer, 
phosphate ions may delay the phenylbutazone autoxidation and hy- 
drolysis, but citric acid is the major agent avoiding the degradation. As 
suggested previously (8), iron (present in silica) is the main degradative 
agent that catalyzes the oxidation of the finely divided phenylbutazone 
on the plate. Citric acid complexes the iron of the coating and prevents 
phenylbutazone from the oxidation. The use of silica plates impregnated 
with edetate sodium supports this hypothesis. 


Precoated plates sprayed with acid sodium sulfite (4) and bismuth 
nitrate (13) were used. A rapid degradation on the plate was observed with 
quenched fluorescence in the former case; no decomposition, within the 


Table I--Rr Values (X100) of Phenylbutazone and Degradation 
Compounds 


Relative to Relative to 
Compound Phenylbutazone (I) Phthalic Acid (VJ) 


I 
I1 


111 
IV 
V" 


100 
42 
33 
29 
119 


5'28 
224 
172 
152 
628 


~ ~- ~ ~~~ 


Compiund V was detected by spraying with 0.5% (w/v) dichromate in 20% (v/v) 
HzSOI. 


limits of sensitivity (iodine vapor detection), was evident after 1 hr of 
contact in the latter. Bismuth nitrate is a quenchingagent, which.does 
not allow the use of silica gel F ~ s  precoated plates. However, an aqueous 
solution cannot permeate precoated plates as easily as alcoholic solu- 
tions. 


A simple and rapid analytical procedure using precoated silica plates 
washed with an alcoholic citric acid solution is proposed. 


EXPERIMENTAL 


Materials and Reagents-Glassware was rinsed with hot nitric acid. 
A 10-pI syringe1 was calibrated at  0.1-pl intervals. A chromatogram 
spectrophotomete9 was equipped with a chart recorde+ and an electronic 
integrator4. Precoated silica gel F254 glass plates5 (0.25 mm thick) were 
used for qualitative determinations, and precoated silica gel G glass 
plates6 (0.25 mm thick) were used for qualitative and quantitative de- 
terminations. 


All solvents were distilled from a glass apparatus (the absence of iron 
was checked with ferrozine reagent). Citric acid, phthalic acid, and formic 
acid were analytical grade. Phenylbutazone and the degradation prod- 
uct& were used as received. The solutions of phenylbutazone and de- 
gradates were freshly prepared and stored in the dark in a refriger- 
ator. 


The solvent system was hexane-chloroform-ethanol-formic acid 
(603091). The silica plates for qualitative and quantitative analyses were 
soaked in alcoholic citric acid solution (1%) for a few minutes with occa- 
sional stirring, dried at  40' for 15 min and then at  105' for 15 min, and 
stored in a desiccator. 


Procedure-For qualitative analysis, the mixed standard ethanolic 
solution was prepared as follows: I, 10 mg/ml; 11,100 pg/ml; 111,100 pg/ml; 
N-(2-carboxy-2-hydroxycaproyl)hydrazobenzene (IV), 100 pg/ml; and 
azobenzene (V), 100 pg/ml. 


The standard solution (5  pl) and an injectable formulation (600 mg 
of phenylbutazone and 30 mg of lidocaine diluted to 3 ml with vehicle) 
suitably diluted (5 pl) were spotted on a precoated silica gel G F m  plate, 
previously washed as noted, and developed using the solvent system to 
a height of -15 cm. Plates were air dried and examined at  254 nm. De- 
tection was completed by iodine vapor visualization. Relative Rf values 
were determined by using phthalic acid (VI) as the internal standard (2 
mg/ml). 


For quantitative analysis, the mixed standard ethanolic solution with 
I-IV (400 pg/ml of each compound) was prepared. The standard solution 
was diluted with ethanol two, four, five, and eight times, respectively. To 
an aliquot (5 ml) of each dilution, 2 ml of the internal standard solution 
(phthalic acid in ethanol, 2 mg/ml) was added. Two dilutions of the 


Hamilton, Bonaduz, Switzerland. 
PM QII Zeiss. 
B.B.C. GOERZ. 


4 Minigrator Intersmat. 
Merck, Darmstadt, West Germany. 
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V I  


Scanning 


Figure 1-Chromatogram on silica plate for a mixed sample (phenyl- 
butazone and degradation products) with phthalic acid as the internal 
standard. Reflectometric measurement was at 237 nm, scanning speed 
was 30 mmlmin, and chart paper speed was 20 mmlmin. Key: I ,  190 
pglml; 11,150 pglml; I l l ,  160 pglml; and IV, 330 pglml. 


sample, 1:lOOO for the phenylbutazone assay and 1:50 for the degradates 
assay, were prepared. The same internal standard solution (2 ml) was 
added to an aliquot (5 ml) of each diluted sample. 


Silica gel G plates, without fluorescence indicator, were washed as 
described. Mixed diluted standard solutions (4 pl) and diluted sample 
(4 pl) were spotted and allowed to air dry. The plates were developed, 
using the described solvent system, to a height of -15 cm and allowed 
to air dry. 


Reflectance spectrometric measurements were performed with a 
chromatogram spectrophotometer a t  237 nm, the maximum absorbance 
wavelength of I. The detector head was adjusted on the center of each 
spot to be recorded. Each peak was scanned twice at  237 nm; the repro- 
ducibility of duplicates should be better than 2%. The calibration curve 
was constructed for each compound by plotting the average peak area 
ratio (solute to internal standard) uersus solute concentration. From the 
graphs, the amount of I-IV in the sample was determined. 


RESULTS AND DISCUSSION 


Table I lists the relative Rj values obtained from the analysis on silica 
plates using a fluorescence indicator. 


UV spectra of phenylbutazone and its degradates were scanned. The 
maximum absorbance wavelength was -237 nm for I-IV, which allowed 
quantitative analysis at the same wavelength. Maximum absorbance was 
320 nm for V, so its quantitation would not be performed at  237 nm. 
Figure 1 illustrates the chromatogram a t  237 nm of a mixed sample with 
phthalic acid as the internal standard. The calibration curve was obtained 
by plotting the area ratios (solute to internal standard) uersus concen- 


tration. The calibration curve was linear for I-IV and went through the 
origin. Correlation coefficients were 0.99 for I and 11.0.95 for 111, and 0.97 
for IV. The phenylbutazone content of the injectable solution was 553 
mg. No interference was observed from lidocaine (R, 0.01 relative to 
phenylbutazone). 


The sensitivity of the proposed procedure allowed a satisfactory assay 
of each degradate with a convenient dilution (1:50) of the sample. The 
injectable solution contained 11.7 mg of IV. The sensitivities tested were 
0.05 pg for I, 0.04 pg for I1 and 111, and 0.03 pg for IV. These levels suggest 
an application for pharmacokinetic studies. 


The reported procedure allows the identification and quantitation of 
phenylbutazone and its degradates; its main use is the TLC qualitative 
test. It should be proposed as an available complement to the acidimetric 
assay specified in the pharmacopeias (16-18); because the phenylbuta- 
zone assay lacks specificity, it  cannot give information about the purity 
of phenylbutazone. 
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5 7 i a  
DAYS OF TREATMENT 


Figure 5-Ratio of indomethacin divided by desmethylindomethacin. 
Key: 0 ,  significant differences from control, p < 0.05, as determined 
by the Student t test. 


glucose levels (Fig. 2) were significantly elevated after 1 day and remained 
so. Although their blood levels were higher than those of the controls, 
none of the experimental animals had glucose in their urine on the day 
of sacrifice. 


Figures 3 and 4 represent the serum levels of I and 11, respectively. 
There were no significant differences in the substrate during the exper- 
iment. However, there were significant differences in the product level 
from Day 1 on. The maximum inhibition occurred at  Day 3, followed by 
a tendency toward control levels as time ptogressed. 


Elevated blood glucose levels obtained by oral administration of the 
20% glucose solution rapidly led to inhibition of the hepatic microsomal 


mixed-function oxidase, which catalyzed 0-dealkylation within 1 day. 
Although serum insulin levels were not measured, it can be projected from 
the urine levels at  sacrifice and from the data presented by Hartshorn 
et al. (2) that the results were not due to hypoinsulinemia. Inversion of 
the inhibition after the maximum level at  Day 3 confirmed earlier findings 
(7) that inhibition is short lived and returns to normal even though glu- 
cose administration is prolonged. 


Since there were no significant differences in the blood substrate levels, 
the biotransformation inhibition could only be accounted for by the 
glucose affecting enzymatic activity. Kinetic studies (3) indicated that 
glucose caused mixed inhibition (competitive and noncompetitive) and 
altered the enzyme at  the active site and at  an allosteric site. The inver- 
sion of inhibition may have been caused by induction of new enzyme as 
well as displacement of old enzyme, freeing more active sites. Figure 5 
shows the ratio of substrate to product, representing the biotransfor- 
mation of I to I1 under the influence of glucose and time. 
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Abstract A stability-indicating, high-performance liquid chromato- 
graphic method was developed for the simultaneous determination of 
hydroxyzine hydrochloride and benzyl alcohol in injection solutions. 
Separation was achieved using a PBondapak CIS column and the eluent 
[60% water, 25% acetonitrile, and 15% methanol containing 0.06% (v/v) 
sulfuric acid, 0.5% (w/v) sodium sulfate, and 0.02% (w/v) heptanesulfonic 
acid sodium salt] at  a flow rate of 2 ml/min. Isobutyrophenone and p -  
nitroacetophenone were used as internal standards. The UV detector 
response at  257 nm was linear for hydroxyzine hydrochloride in the 3- 
10-mg/ml range and for benzyl alcohol in the 0.541.8-mg/ml range under 
analysis conditions. The method is accurate, simple, and precise. 


Keyphrases 0 High-performance liquid chromatography-simulta- 
neous determination of hydroxyzine hydrochloride and benzyl alcohol, 
injection solutions Analysis, simultaneous-high-performance liquid 
chromatographic method for hydroxyzine hydrochloride-benzyl alcohol 
injection solutions Injection solutions-high-performance liquid 
chromatographic method for simultaneous determination of hydroxyzine 
hydrochloride and benzyl alcohol 


Hydroxyzine hydrochloride is usually formulated with 
benzyl alcohol as a preservative (bacteriostatic) in injection 
solutions. Depending on conditions such as pH, light ex- 
posure, and temperature, photolysis occurs in solution, 


resulting in the formation of p-chlorobenzophenone, p- 
chlorobenzaldehyde, p-chlorobenzoic acid, and 1-[2-(2- 
hydroxyethy1)ethyllpiperazine dihydrochloride (1, 2). The 
compendia1 assay for hydroxyzine hydrochloride injection, 
based on titration of the free base with perchloric acid, is 
not indicative of drug stability in solution (3). From an 
analytical standpoint, a simple, rapid, and precise method 
is desirable for the simultaneous determination of both the 
drug substance and the preservative in the formulation. 


This paper describes the development of a high-per- 
formance liquid chromatographic (HPLC) method for 
hydroxyzine hydrochloride and benzyl alcohol in an in- 
jectable formulation. The method is stability indicating 
of both ingredients in solution. 


EXPERIMENTAL 


Instrumentation-The chromatographic system was equipped with 
a dual-piston reciprocating pump’, a universal injector2, and a vari- 


Model 6000A, Waters Associates, Milford, Mass. 
Model U6K, Waters Associates, Milford, Mass. 
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MINUTES 
Figure 1-Synthetic mixture of formulation ingredients, potential 
degradation products, and internal standards for quantitation. Key: 
1, benzyl alcohol (0.81 mglml); 2, benzoic acid (0.093 mglml); 3, benz- 
aldehyde (0.041 mglml); 4, p-nitroacetophenone (0.024 mglml); 5, p- 
chlorobenzoic acid (0.19 mglml); 6, p-chlorobenzaldehyde (0.073 mglml); 
7, hydroxyzine hydrochloride (5.0 mglml); 8, isobutyrophenone (0.269 
mglml); and 9, p-chlorobenzophenone (0.18 mglml). 


able-wavelength UV detector3. The separation was performed on a 30-cm 
X 4-mm i.d. column containing microparticulate (10-pm) bonded.octa- 
decylsilane material4. The chromatographic peaks were electronically 
integrated and recorded5. 


Eluent-The eluent was 60% water, 25% acetonitrile6, and 15% 
methanol6 containing 0.06% (v/v) sulfuric acid, 0.5% (wlv) sodium sulfate, 
and 0.02% (w/v) heptanesulfonic acid sodium salt7. The eluent pH was 
2.6. 


Internal Standard Solution-A methanolic solution of 0.2 mg of 
p-nitroacetophenones/ml and 2.5 mg of isobutyrophenones/ml was used 
as the internal standard solution. 


Standard Preparation-The standard solution for analysis was 
prepared by dissolving 250 mg of hydroxyzine hydrochloride NF reference 
standard in 5 ml of water. Five milliliters of a 9-mglml methanolic solu- 
tion of benzyl alcohol NF reference standard and 5.0 ml of the internal 
standard solution were pipetted into the hydroxyzine hydrochloride 
reference standard solution; this mixture was diluted to 50 ml with 
methanol. 


Sample Preparation-The method was developed utilizing a for- 
mulation of 50 mg of hydroxyzine hydrochloridelml containing 9 mg of 
benzyl alcohollml. The analysis sample was prepared by mixing 5.0 ml 
of formulation and 5.0 ml of internal standard solution and diluting the 
mixture to 50 ml with methanol. 


Analysis-The following chromatographic conditions were used: flow 
rate, 2 mllmin; detector wavelength, 257 nm; absorbance, 0.2 aufs; and 
injection volume, 10 pl. Duplicate analyses were performed for both the 
standard and sample preparations. 


RESULTS AND DISCUSSION 


A chromatographic method that is stability indicating of hydroxyzine 
hydrochloride was outlined previously (4); the chromatography was 


Model LC-55, Perkin-Elmer, Norwalk, Conn., or model SF 770 Spectroflow, 
Schoeffel, Westwood, N.J. 


pBondapak CIS, Waters Associates, Milford, Mass. 
Autolab System I (Spectra-Physics, Santa Clara, Calif.) with model 023 strip- 


chart recorder (Perkin-Elmer, Norwalk, Conn.) or model 3385A Automation System 
(Hewlett-Packard, Avondale, Pa.). 


Distilled in glass, Burdick & Jackson, Muskegon, Mich. 
Eastman Organic Chemicals, Rochester, N.Y. 
Aldrich, Milwaukee, Wis. 


Table I-Statistical Data Resulting from Simultaneous Analyses 
of Hydroxyzine Hydrochloride and Benzyl Alcohol in 
Hydroxyzine Hydrochloride Injection a 


Hydroxyzine Benzyl 
Parameter Hydrochloride Alcohol 


Number of analyses 7 7 
Milligrams per milliliter (mean) 48.7 8.47 
SD, mglml f0.44 40.09 
RSD, % f0.9 f1.0 


a Abbott Laboratories, North Chicago, Ill.; stored at 25’ for 2 years. 


performed on a Bondapak phenyllcorasil column using a 5:3 mixture of 
0.25% (NH&COa-acetonitrile as the eluent. A’similar system using a 
45:55 mixture of 0.01 M phosphate buffer (pH 7.8)-acetonitrile as the 
eluent and a pBondapak CIS column also was used successfully to monitor 
hydroxyzine hydrochloride stabilityg. In both methods, a high proportion 
of acetonitrile is needed to elute the drug substance as the free base. 
Benzyl alcohol, another component in the formulation, could not be an- 
alyzed with hydroxyzine hydrochloride in either chromatographic system; 
it could not be ietained on either column due to the high acetonitrile 
concentration in the eluent. 


The ion-pair reversed-phase chromatography used in this method al- 
lowed benzyl alcohol and hydroxyzine hydrochloride to be determined 
simultaneously. The acidity of the eluent was adjusted to a pH at  which 
hydroxyzine hydrochloride and heptanesulfonic acid sodium salt are 
ionized, resulting in ion-pair formation. The ionic strength of the eluent 
was increased by the addition of sodium sulfate, which generally decreases 
the retention of compounds being chromatographed uia the ion-pairing 
mechanism (5). Although the proportion of organic solvent in the eluent 
is high, the polarity of organic solvent was increased by using a mixture 
of methanol and acetonitrile. Therefore, benzyl alcohol was retained on 
the CIS column; it was unaffected by the addition of heptanesulfonic acid 
sodium salt and sodium sulfate to the eluent, as it did not form an ion- 
pair. 


This analysis is stability indicating of both hydroxyzine hydrochloride 
and benzyl alcohol (Fig. 1). A synthetic mixture of benzyl alcohol, hy- 
droxyzine hydrochloride, several potential degradation products (benzoic 
acids, benzaldehydes, p-chlorobenzoic acids, p-chlorobenzaldehyde8, 
and p-chlorobenzophenones), and the internal standards used for 
quantitation, p -nitroacetophenone and isobutyrophenone, were sepa- 
rated under analytical conditions. 


The detector wavelength of 257 nm was selected for maximum response 
for both hydroxyzine hydrochloride and benzyl alcohol. The linearity of 
the detector response under analytical conditions was established for 
hydroxyzine hydrochloride in the 3-10-mgIml range (y intercept, -0.001; 
r ,  0.9999) and for benzyl alcohol in the 0.541.8-mg/rnl range (y intercept, 
0.003; r ,  0.9999). Since the resulting standard curves for both hydroxyzine 
hydrochloride and benzyl alcohol were linear and passed through the 
origin, sample analysis could be performed uersus a single standard 
preparation. 


Experiments were performed to demonstrate the accuracy of the 
method. Six solution mixtures were prepared ranging from 60 to 200% 
of the theoretical concentrations of the two components. Recoveries of 
benzyl alcohol varied from 99.4 to 103.0% with an average recovery of 
101.0 f 1.35%; recoveries of hydroxyzine hydrochloride varied from 99.8 
to 100.7% with an average recovery of 100.2 f 0.34%. 


The reproducibility of the method was demonstrated by replicate 
analyses of hydroxyzine hydrochloride and benzyl alcohol in a commercial 
product which had been stored at 25O for 2 years. The statistical data are 
presented in Table I. 
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Abstract 0 IR and NMR spectroscopy were combined with previously 
published X-ray crystallographic data to determine the solution con- 
formations of the -(CH&- fragments of nialamide, azaperone, and 
chloroquine. The solution conformation of these compounds then was 
compared to the solid-state conformation. In addition, the limits of the 
IR-X-ray method are discussed. This paper shows that a combination 
of IR, NMR, and X-ray crystallographic data can lead to a complete 
picture of the conformations available to  drugs. In addition, the danger 
of using solid-state conformational data alone to make pharmacological 
suggestions is illustrated. 


Keyphrases 0 Nialamide-comparison of rotamer populations in solid 
state and in solution, conformation determined by IR and NMR spec- 
troscopy and X-ray crystallography Azaperone-comparison of ro- 
tamer populations in solid state and in solution, IR and NMR spectro- 
scopic and X-ray crystallographic determinations of conformation o 
Chloroquine-comparison of rotamer populations in solid state and in 
solution, IR and NMR spectroscopic and X-ray crystallographic deter- 
mination of conformation Conformation-in solid state and in solution, 
azaperone, nialamide, chloroquine 


An understanding of the relationship between the con- 
formation of a flexible drug at the receptor and its con- 
formation in the liquid (solution) and solid state is a major 
goal of molecular pharmacology. 


BACKGROUND 


A relationship (1) between the proportion of rapidly equilibrating 
conformers in solution and biological activity has been proposed for 
histamine, antihistamines, acetylcholine and its analogs, and several 
hormones (1-10). For example, the ability of histamine to stimulate two 
distinct biological responses initially was suggested to be due to the 
presence of gauche- and trans-conformers (1). The observation that 
ethylenediamine antihistamines blocked only one of these responses was 
attributed to their preference for the trans-conformation (2). However, 
more recent studies led to other suggestions, including the conclusion 
that there is no clearcut conformation-activity relationship for histamine 
and its derivatives (3,4). 


A relationship between the solid-state conformation about the phe- 
nyl-piperidine bond and analgesic potency was suggested (8), and the 
solid-state conformation of anticonvulsant drugs was suggested to be 
related to their activity (9). 


Finally, the most stable conformer of several drugs in solution was 
suggested to be the one bound to the receptor (11). This suggestion led 
to numerous attempts to correlate differences in the proportion of the 
most stable conformers with activity. 


In contrast to these suggestions, it was postulated that rapid substrate 
isomerism should not affect enzymatic reaction rates (12). Furthermore, 
rapid substrate isomerism had no effect on the rate of chymotrypsin- 
catalyzed hydrolysis of DL-thiazoline (13), and the enzyme thermolysin 
bound the lowest energy solution conformer of one dipeptide inhibitor 
and the highest energy solution conformer of a second dipeptide inhib- 
itor'. 


In addition to these examples of the trapping of a rotamer by a receptor, 
there are numerous examples of the separation of a rotamer from a 
mixture of rotamers by crystallization (14-22). For example, crystalli- 


T. L. Shieh and S. R. Byrn, unpublished data. 


0 0 


I 


I1 


III 
zation results in the trapping of a single rotamer of chlorocyclohexane 
(14), tetramethylthiatane (15), cyclo-gly-gly-d-ala-d-ala-gly-gly (16,17), 
isobutyramide (la), 3'-isopropyo-3,5-diiodo-t-thyronine (19), 1,4-di- 
pheny1-1,4-dithiabutane-l,I-dioxide (20), and histamine (21). In addition, 
the phenomenon of conformational polymorphism was reviewed (22). 
Conformational polymorphism occurs when a compound crystallizes in 
different conformations in different polymorphs. 


These reports show that crystallization can result in the selection of 
one rotamer from a mixture; thus, the development of methods for in- 
vestigating whether crystallization results in the trapping of one of a 
mixture of rotamers is an important step toward understanding the re- 
lationship (if any) between the solid-state, solution, and receptor-bound 
conformations of a drug. This paper reports studies aimed at developing 
such an understanding. Three flexible drugs were chosen for investigation 
using an extension of the IR-X-ray method (21): nialamide (I), amono- 
amine oxidase inhibitor (23); azaperone (11). a sedative neuroleptic (24); 
and chloroquine (III), an antimalarial (25). 


EXPERIMENTAL 


Apparatus and Spectra-All IR spectra were analyzed as solids in 
potassium bromide pellets or as solutions in 0.5-mm sodium chloride 
cells2. Preliminary NMR spectra were measured on 60-, 80-, or 90-MHz 
spectrometers3. All samples then were analyzed on a 360-MHz super- 
conducting Fourier transform spectrometer4. All spectra were analyzed 
by computers. 


Chemicals-Chloroquine was obtained as the diphosphate salt6. It 
was used without further purification in aqueous solution and was con- 
verted to the free base for analysis in organic solvents according to a lit- 
erature method (26). The diphosphate salt (25 g) was dissolved in distilled 
water (500 ml). The free base was separated by addition of 0.1 N NaOH 
(200 ml). A white viscous solution formed and was extracted with 
methylene chloride (4 X 100 ml). The extract was dried over anhydrous 
sodium sulfate for 1 hr with stirring. This solution then was filtered, and 


Beckman IR4230 spectrometer. 
Varian EM-360 or FT-80 and Perkin-Elmer R-32,90 MHz. 


Purdue Universit CDC computer system. 
Sigma Chemical 80. 
' Nicolet Technolo Carp. (at the Purdue University Regional Biochemical 


Magnetic Resonance gboratory ). 
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CENTIMETERS-' 
Figure 1-Solid (- - -) and solution (CHCt3) 1-) IR spectra of chlo- 
roquine. 


the methylene chloride was removed by vacuum distillation. A yellow 
oil remained, which crystallized after 12 hr, mp 86-88O. 


Solutions-All IR solutions were prepared with spectral grade chlo- 
roform. Concentrations were adjusted to maximize the signal in the fin- 
gerprint region. 


The followine solvents7 were used for NMR studies: chloroform-dl 
(99.8 atom % DC acetone-d6 (99.5 atom % D), dimethyl sdfoxide-d6 (99.5 
atom % D), deuterium oxide (99.7 atom % D), and pyridine-ds (99 atom % 
D). Tetramethylsilane was used as the internal standard in organic sol- 
vents. In deuterium oxide, the chemical shifts were usually reported 
relative to the HDO resonance position. 


The following solution concentrations were used 10-30 mg/0.5 ml for 
the 60- and 90-MHz spectra, 5-10 mg for the 80-MHz spectra, and 2-3 
mg for the 360-MHz spectra. All solutions were filtered with a fritted-glass 
filter and were placed immediately in 5-mm tubes. 


Computer Analysis-Chemical shifts were extracted from the spec- 
tra, and representative coupling constants were submitted to the 
LAOCN3 computer program (27). These calculated frequencies then were 
assigned to experimentally observed frequencies. The same input data 
along with those assignments then were submitted to LAOCN3. Calcu- 
lated chemical shifts and coupling constants were produced that best fit 
the experimental spectrum. After most assignments were made, the 
calculated spectral data were submitted as input data to LAOCN3 and 
the process was repeated until a suitable simulation was obtained. 


RESULTS 


Chloroquine-The IR spectra of chloroquine in solution and in the 
solid state are shown in Fig. 1. The 360-MHz NMR spectrum of chloro- 
quine in acetone gave the following data: 0.98 (t, 6H), 1.32 (d, 3H), 1.60 
(m, 3H), 1.80 (m, lH), 2.07 [m, (CHzH)zCO], 2.42 (t, 2H), 2.47 (m, 4H), 
3.30(s,H~0),3.93(m,lH),6.49(d,lH),6.60(d,lH),7.37 (dd,lH),7.88 
(d, lH), 8.25 (d, lH), and 8.47 (d, 1H) ppm. 


The region of interest is the aliphatic portion of the spectrum, and the 
following assignments were made for that area. The triplet a t  0.98 ppm 
was assigned to the methyl protons of the ethyl group, and the multiplet 
a t  2.47 ppm was assigned to the methylene protons of this group. The 
methylene protons adjacent to the nitrogen on Ca were assigned to the 
triplet a t  2.42 ppm. The multiplet a t  1.60 ppm was from the two C, pro- 
tons and one CB proton, while the other CB proton was assigned to the 
multiplet at 1.80 ppm. The multiplet at 3.93 ppm was assigned to the C, 
proton, and the doublet a t  1.32 ppm was assigned to the C,, methyl pro- 
tons. 


LAOCN3 analysis gave the following set of vicinal coupling constants: 


= 5.92 Hz. The simulated spectrum obtained from these coupling con- 
stants and the observed spectrum are shown in Fig. 2. 


These coupling constants can be used to estimate the population of 


J,,p = 8.28 Hz, J,,p = 8.28 Hz, Jp,, = 8.77 Hz, J,y,., = 7.35 Hz, and J,J 


Aldrich Chemical Co. 


A 


2.0 1.9 1.8 1.7 1.6 
PARTS PER MILLION 


Figure 2-Observed (B) and simulated (A) 360-MHr spectra of chlo- 
roquine in the range of 550-675 Hz .  The simulated spectrum was ob- 
tained from the LAOCN3 stick plot. A 1.5-Hz linewidth was used. 


rotamers according to published procedures (28-31). The conformation 
about the cr-p bond can be approximated using Eqs. 1-3 and Scheme I 
as derived by Abraham and Pachler (28): 


N, - JaP' - Jg 


Jt - Jg 


R 
N, = 1 - N, - N, (Eq. 3) 


R R 


NHR CH, H, 
N ,  N2 NB 


Scheme Z 
In these equations, N1, Nz ,  and N3 are the populations of the rotamers 
shown and Jt = 13.11 Hz and J, = 3.63 Hz. Solving these equations gives 
N1= N2 = 0.49 and N3 = 0.02. While these numbers should be considered 
as estimates due to the assumptions involved, the sterically hindered 
conformer N3 is obviously energetically unfavorable. 


The conformation about the p-7 bond can be determined using the 
following procedure (28-30). Let N = Jp, + J,y, and L = JB-, - Jp,. Since 
it is impossible to differentiate Jp, and Jp,, L can have either a positive 
or negative value. The equation 1/.N + '/& = 17.97 - 0.80ZE can be used 
to determine whether L is positive or negative. The value of ZE is cal- 
culated with the assumption that L is both positive and negative and 2 E  
is calculated from tables provided in the literature (32). Usually, a clear 
indication that L is positive or negative is obtained. If L is positive, the 
gauche-rotamers predominate; if L is negative, the trans-rotamers 
predominate. If L is zero, there is a nearly equal proportion of all ro- 
tamers. For the p-7 bond, N = 16.12 and L = i1.42. This small value of 
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Figure 3-IR spectra of nialamide in the solid state (- - -) and in solu- 
tion (CHCld f-). 


L indicates that the gauche- and trans-rotamers are of nearly equal en- 
ergy. If L is positive, ZE is calculated to be 12.09; if L is negative, ZE is 
calculated to be 12.69. The theoretical ZE is 14.00. Since L may be neg- 
ative, this exercise indicates that the trans-rotamer may be of slightly 
lower energy than the gauche-rotamers. 


The conformation about the 7-6 bond can be analyzed in the same way. 
In this case, L = 0, indicating that thegauche- and trans-isomers are of 
equal energy. 


Nialamide-The IR spectra of nialamide (I) in the solid state and in 
solution can be compared in Fig. 3. The 80-MHz NMR spectrum of ni- 
alamide in pyridine gave the following data: 2.85 (t, 2H), 3.66 (t, 2H), 4.68 
(d, 2H), and 5.17 (s) ppm. The triplets at 2.85 and 3.66 ppm were assigned 
to the methylene protons on Cp and C,, respectively. The doublet at 4.68 
ppm was assigned to the benzyl protons. The broad singlet at 5.17 ppm 
was thought to be due to all of the nitrogen protons in the molecule. The 
coupling constant for Jn,b was 6.5 Hz. This coupling constant gave L = 
0 and indicates that all three rotamers are equally populated in the ab- 
sence of the deceptively simple catastrophe. 


AzaperoneFigure 4 shows the comparison of the solid and solution 
IR spectra of azaperone. The 90-MHz NMR spectrum in chloroform gave 
the following data: 2.00 (m, 2H), 2.45 (t, 2H), 2.55 (t, 4H), 3.00 (t, 2H), 
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Figure 4-IR spectra of azaperone in the solid state (- - -) and in so- 
lution (CHCld .  (-) 


and 3.49 (t, 4H) ppm. The multiplet a t  2.00 ppm was assigned to the Cp 
methylene protons. The signals due to the C, and C,, methylene protons 
were determined to be the triplets at 2.45 and 3.00 ppm, respectively. The 
triplets at 2.55 and 3.49 ppm were assigned to the piperazinyl protons. 
The coupling constants were Jp,? = 7.0 Hz and Jcr,p = 7.1 Hz. These data 
indicate that L = 0 for both the @,r and a,@ bonds, thus suggesting that 
thegauche- and trans-rotamers are of equal energy. 


DISCUSSION 


Comparison of the IR spectra of azaperone (11) in the solid state and 
in solution (Fig. 4) indicates that the solid and solution conformations 
are the same. An extremely good correlation can be seen between peak 
positions as well as between relative intensities. Since the trans-rotamer 
about both the a-@ and P-7 bond is frozen in the solid, this rotamer 
probably predominates in solution. However, the NMR spectrum of 
azaperone is characteristic of a rapidly rotating A& system about both 
the C,-Co bond axis and the C,& bond axis. The coupling constants 
produce rotamer percentages that indicate (within experimental error) 
that the molecule exists one-third of the time as each rotamer about each 
bond. In other words, the molecule is rapidly rotating and there is no 
preference for any one of the three rotamers. In addition, theoretical 
calculations of the populations of the rotamers of butyrophenones related 
to azaperone showed that the gauche- and trans-conformers about the 
b-7 and 7-13 bonds were nearly equally populated (33). If it is rotating 
rapidly, it would be impossible for the solid-state conformation to be the 
same as the solution conformation; thus, the general utility of the IR- 
X-ray method must be questioned. 


The earlier analysis of methapyrilene intensifies this contradiction (21). 
Comparison of the solid-state and solution IR spectra indicates the same 
results as with azaperone; the conformations in both states should be the 
same. Once again, the NMR spectrum is in disagreement. The methylene 
protons of methapyrilene produce two triplets in chloroform solution, 
indicative of rapid rotation. The NMR results for diphenhydramine in 
chloroform also indicate that the gauche- and trans-rotamers are of 
nearly equal energy; however, in this case, the solid-state and solution 
spectra are different, substantiating these results (21) and indicating that 
the solid-state and solution conformations are different. 


To investigate these contradictions, the peaks in the fingerprint region 
of the IR spectrum were characterized. The theory behind the IR-X-ray 
method (21) states that conformational changes are reflected by changes 
in the absorption frequency of a given vibration. Only vibrations that are 
intimately involved with rotations about the ethane fragment or that 
come in close contact with it upon rotational change reflect any confor- 
mational change. Therefore, it is necessary to decide whether the fin- 
gerprint region contains enough absorbances that can reliably reflect 
conformational change or whether the region is dominated by absorb- 
ances of rigid structural components whose vibrations are not signifi- 
cantly affected by rotation. 


Characterization of the azaperone IR spectrum leadsto the finding that 
most major absorbances are due to rigid structural components. They 
dominate the entire region and mask any absorbances due to the ethane 
fragment. For example, three positions of absorbance of the fluoroben- 
zene component are a t  1600, 1480, and 1160 cm-'. These peaks are all 
dominating in the fingerprint region. Many more absorbances can be 
assigned to the fluorobenzene portion of the molecule along with con- 
tributions from the pyridine and piparazine ring systems. Actually, most 
peaks in the IR spectrum are due to these three components. Likewise, 
it is evident that the absorbances in the methapyrilene IR spectrum 
cannot reflect changes in conformation. These absorbances can be at- 
tributed to the pyridine and thiophene portions of the molecule. Thus, 
in these cases, the IR-X-ray method probably is unreliable. 


Similar characterizations of the IR spectra of nialamide (I), di- 
phenhydramine, and chloroquine (111) provide different results. The IR 
spectra of nialamide indicate that the solid and solution conformations 
differ, and the NMR data are in agreement with these results. Once again, 
equal proportion of rotamers about the ethane fragment is found in so- 
lution while the crystal structure shows that the gauche-rotamer is 
trapped in the solid state (24). Some major spectral lines are due to 
pyridine. The phenyl ring contributes only a small number of sharp ab- 
sorbances to the spectrum. Therefore, there is a sufficient number of 
spectral lines to reflect conformational change, and the method is valid. 
Similar results for diphenhydramine explain the agreement between the 
IR and NMR data. The two phenyl rings create little interference in the 
IR spectrum, and once again the analysis is valid. 


The quinoline ring system of chloroquine is similar to the phenyl ring 
in contributing a few sharp peaks to the IR spectrum; thus, the IR-X-ray 
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method is valid for analysis of this compound. Indeed, the IR spectra of 
chloroquine in the solid state and in solution are quite different. This 
result is confirmed by comparison of the NMR data and the crystal 
structure. The NMR data indicate that rotamers N1 and N z  predominate 
for the a-b bond while nearly an equal proportion of rotamers exists for 
the fi-7 and 7-6 bonds. In the solid state, the crystal structure shows that 
rotamer N z  is frozen for the cx-p bond, the trans-rotamer is frozen for 
the P-7 bond, and the gauche-rotamer is frozen for the 7-/3 bond. 


In addition, the solution conformation of chloroquine was determined 
without shift reagents and the results of this analysis were similar to those 
obtained with shift reagents (26), indicating that the shift reagent did 
not greatly alter the conformation of chloroquine. 


In the NMR experiment, many of the compounds produced sets of 
triplets with coupling constants that indicate equal proportions of ro- 
tamers. These spectra may be deceptively simple (281, which would make 
the NMR results unreliable. Deceptively simple means that there is more 
than one set of chemical shifts and coupling constants that could produce 
the same NMR spectrum; therefore, there could be different proportions 
of rotamers. To ensure the reliability of the NMR data, this problem is 
attacked using nialamide as the example. If the two triplets in the ni- 
alamide spectrum arose from a conformation that was strongly preferred 
due to intramolecular or intermolecular interaction, this conformation 
probably would be similar to the conformation that is frozen upon crys- 
tallization. By taking the hydrogen atom coordinates from the crystal 
structure, the solid-state dihedral angles can be calculated using the 
BONDLA computer program (34). Solid-state coupling constants then 
are determined from the Karplus equation and are: J n , ~  = 2.97 Hz, Jn,p 
= 7.23 Hz, Jar,@ = 12.8 Hz, and Jn,,r = 3.31 Hz. These coupling constants 
produce a complex AA’BB’-simulated NMR spectrum, which has little 
resemblance to the experimentally observed spectrum. Therefore, the 
NMR technique apparently is reliable. 


In conclusion, these results indicate that if a compound contains two 
or more heteroatomic rings, any IR spectral changes due to conforma- 
tional changes probably are masked by the absorption of these ring sys- 
tems. The fingerprint region of the IR spectrum for all compounds con- 
taining rigid structures must be characterized prior to the use of the 
IR-X-ray method to ensure its validity. 


This paper also shows how a combination of IR and NMR spectroscopy 
and X-ray crystallography can be used to provide a complete picture of 
the conformational features of drugs. In addition, the study illustrates 
the importance of comparing solid-state and solution conformations 
before making pharmacological suggestions based on the conformation 
in the solid state. In nialamide, azaperone, and chloroquine, the solid- 
state conformation represents only one of several nearly equally energetic 
solution conformers, which clearly shows that the conformer frozen in 
the solid state cannot be assumed to be the pharmacologically active or 
lowest energy solution conformer. 
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Abstract A rapid colorimetric test for the determination of thebaine 
in dried, extracted Papauer bracteatum is described. The method is 
based on the development of an orange color formed by the nitroso color 
reaction for phenols. The absorption peak is near 450 nm. The linear 
range response is from 0 to 1.0 mg of thebaine. The reproducibility of the 
method is quite good, making it useful for process evaluation and in a 
selection program for the cultivation of P. bracteatum for optimum 
thebaine content. 


Keyphrases 0 Thebaine-colorimetric determination in Papauer 
bracteatum Papauer bracteatum-colorimetric determination of 
thebaine in extract 0 Alkaloids-thebaine, colorimetric determination 
in extract from Papauer bracteatum 


A simple and rapid analytical method using small 
samples was needed to follow the process of thebaine iso- 
lation from Papauer bracteaturn as well as for a selection 
program for the cultivation of this new alkaloidal raw 
material. GLC assays (1-9) have received the most atten- 
tion, and high-pressure liquid chromatographic methods 
were reported recently (10,ll). Since not every laboratory 
is equipped with these rather expensive instruments, the 
colorimetric method described here was developed. 


Table I-Elution of Thebaine from Alumina Columns with 
Different Solvent Systems 


Solvent System Percent Thebaine 


BACKGROUND 


When thebaine (I) is heated with mineral acids, the ether linkage in 
the molecule is cleaved, resulting in a phenolic hydroxyl group in position 
4. Color reactions for phenols then may be used for the determination 
of the formed phenolic alkaloids. 


Some attractive, rapid colorimetric methods (12-14) are based on 
conversion of thebaine to phenolic alkaloids followed by the color reaction 
immediately after extraction of the plant material, but they yield variable 
results. Pfeifer's colorimetric method (15) for the determination of 
morphine in Papauer somniferum is widely used for process control in 
the isolation of morphine. To develop a similar method for the determi- 
nation of thebaine in P. bracteatum, preference was given to the nitroso 
color reaction for phenols (16) over the more lengthy Sakurai method (17), 
which relies on the formation of an ammoniacal potassium ferricyanide 
color complex. 


Purification of the plant extracts is unavoidable. TLC separation (18, 
19) followed by removal of the thebaine spot, prior to its degradation and 
color reaction, is time consuming. Organic solvent extraction of thebaine, 
often used prior to GLC assays (1,2,4,5,9), from an alkaline aqueous 
extract of P. bracteatum yields solutions pure enough for the colorimetric 
procedure described in this report. 


EXPERIMENTAL 


Plant Culture-The seeds were obtained from the United Nations 
Narcotics Laboratory'. 


Reagents-All chemicals were reagent grade. The aluminum oxide 
was acidic2 chromatographic grade. The thebaine standard was prepared 
in the laboratory with a melting point of 194O and a single TLC spot. 


Sample Preparation-P. bracteatum poppy plants were chopped 
or broken into small pieces and dried at 105'. Dried samples were milled 
and screened to <1 mm (-20 mesh). 


Procedure-Approximately 100 mg of sample was weighed accurately, 


I 
1 The plant material used was the well-documented Pa auer bracteaturn Lindl.: 


Population Arya 11, identified by Dr. P. C. Vincent (see fief. 20). 
Merck 90, active acidic, Activity I. 


Methanol-ammonium hydroxide (98:2) 3.55,3.56 


5% Acetic acid 
20 ml 3.58 
40 ml 3.56 
60 ml 3.58 
80 ml 3.58 


Chloroform-calcium hydroxidea 3.55,3.55 


100 ml 3.56,3.56,3.57 


a One hundred milliliters of solvent mixture. 


mixed with 0.5 ml of water, and allowed to stand for 15 min. Acidic alu- 
minum oxide (2 g) was added and mixed to form a dry powder. The 
mixture was added to a glass column (-150 X 13 mm i.d.) containing 
another 2 g of aluminum oxide held in place with a cotton plug. The 
thebaine was eluted from the column with 30 ml of 5% (v/v) acetic acid 
at  a flow rate of -1 ml/min into a separator. The pH of the eluate was 
adjusted to >ll with 10% (wlv) NaOH (-40 ml). 


The aqueous phase was extracted with four 20-ml portions of chloro- 
form, and the combined extracts were evaporated to dryness on a water 
bath. The residue was dissolved in 20 ml of 1 N HCI and heated to boiling. 
After cooling, the solution was transferred quantitatively to a 100-ml 
volumetric flask and diluted to volume with water. 


Two 10-ml aliquots were transferred to each of two 50-ml volumetric 
flasks (larger or smaller aliquots also were used, depending on the an- 
ticipated thebaine content). One flask was diluted to 50 ml with water 
and used for the blank. Two milliliters of 1% (w/v) sodium nitrite was 
added to the second flask, which was left standing for 15 min with occa- 
sional shaking. Then 5 ml of 10% (w/v) NH40H was added (changing the 
greenish-yellow color to orange), and the solution was diluted to 50 ml 
with water. This solution was stable for a t  least 20 min. The absorbance 
of the sample was measured against the blank, in 1-cm cells, at -450 nm 
using a suitable ~pectrophotometer~. 


Preparation of Thebaine Calibration Curve-A stock standard 
solution was prepared by accurately weighing 100 mg of pure thebaine 
and transferring it to a 100-ml volumetric flask. The standard was dis- 
solved and diluted to volume with methanol. A working standard solution 
was prepared by evaporating 3.0 ml of the stock standard solution to 
dryness on a water bath. The residue was dissolved in 20 ml of 1 N HCl 
and heated to boiling. After cooling, the solution was transferred quan- 
titatively to a 100-ml volumetric flask and diluted to volume with water 
(1 ml = 0.03 mg of thebaine). 


For the calibration curve, 5-, lo-, 15-, 20-, and 25-ml aliquots of the 
working standard solution were transferred to each of five 50-ml volu- 
metric flasks. Two milliliters of 1% sodium nitrite was added to each flask. 
After the solutions stood for 15 min, with occasional shaking, the outlined 
procedure was followed using water for the blank. A standard calibration 
curve was prepared by plotting the milligrams of thebaine uersus ab- 
sorbance. 


3 ELCO I1 colorimeter (Carl Zeiss) with an S49E filter (400-500 nm). 
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Table 11-Comparison of Thebaine Assays 


Sample" Colorimetric GLCb TLC-UVC 


1 Kavadarci capsules 2.82 2.94 2.9 2.8 
2 Kavadarci stems 0.39 0.38 0.4 0.39 
3 Kavadarci roots 0.82 0.80 0.8 0.8 
4 Berovo capsules 1.83 1.83 - - 
5 Berovo stems 0.21 0.20 - - 
6 Bitola capsules 2.64 2.72 - - 
7 Sv. Nikole capsules 3.54 3.50 3.5 3.44 
8 Sv. Nikole stems 0.46 0.46 0.5 0.46 
9 Vitacevo capsules 1.65 1.58 - - 


10 Vitacevo stems 0.06 0.07 - - 
11 Process, Phase I 0.20 0.21 0.2 0.2 
12 Process, Phase I1 2.20 2.25 - - 
13 Process, Phase I11 0.54 0.52 - - 


0 Sam les 1 10 were obtained from plants grown in different regions of Yugo- 
slavia. k o m k e f .  7. From Ref. 18. 


DISCUSSION 


Thebaine Degradation-Pure thebaine was boiled with varying 
normalities of hydrochloric acid from 1 to 15 min and was analyzed by 
TLC to determine the optimum conditions for degradation. It was found 
that 1 N HCl destroyed thebaine completely when the solution was 
brought to a boil. 


Extraction-Two general extraction principles for thebaine isolation 
from P. bracteaturn are found in the literature: (a) extraction with dilute 
acids as a salt (2,4,5,7,9,13,16), and ( b )  alkalinization of the wet plant 
material and extraction of thebaine with an organic solvent or a mixture 
of solvents as the free alkaloid (1, 3,6,8, 12, 19, 21-24). Three solvent 
systems were investigated: 5% acetic acid, methanol-ammonium hy- 
droxide (9821, and chloroform-calcium hydroxide (0.2 g of calcium oxide 
was added to the sample and water in the soaking step for sample prep- 
aration). 


The procedure detailed here was followed using 100 mg of sample for 
each experiment. In the extraction step, 100 ml of each solvent system 
was used. As shown in Table I, the solvent systems quantitatively ex- 
tracted thebaine from P. bracteaturn. The 5% acetic acid extraction 
method was chosen to avoid an evaporation step before the alkaline ex- 
traction with chloroform. 


It was found experimentally that 20 ml of 5% acetic acid was sufficient 
for complete extraction of thebaine from 100 mg of P. bracteaturn. Thirty 
milliliters was specified in the procedure so that a sufficient volume was 
obtained. 


At least three 20-ml volumes of chloroform were needed for the removal 
of the degraded thebaine from an alkaline medium. A fourth extraction 
is recommended, especially if an emulsion is formed. 


pH Adjustment-Most published methods recommend a pH of 9 for 
the alkaloid extraction step. However, emulsions form less at pH > 11. 
Another reason for performing the extraction at  pH > 11 is to prevent 
the interference of any phenolic alkaloids that may be present in the 
poppies. TLC evaluations of P. bracteaturn revealed a second alkaloid, 
believed to be alpinigenine. A third alkaloid rarely was found. The TLC 
spots from these two alkaloids were removed and evaluated by the de- 
scribed procedure. Their eluates gave no color reaction with sodium ni- 
trite solution. 


Linearity-The absorption peak was a broad band peaking at -450 
nm. At this wavelength, the reaction followed Beer's law between 0 and 
1.0 mg of thebaine. Examination of Tables I and I1 indicates that the 
method is reproducible. 


Pigment Removal-Some pigments eluted from the alumina columns. 
An attempt was made to remove pigments by acid extraction with chlo- 
roform or ether (4,5,18) prior to the alkaline extraction with chloroform. 
The same results were obtained with and without the acid extract. Most 


of the pigments remained in the aqueous layer after the alkaline chlo- 
roform extraction in the recommended procedure. 


Reaction Time for Color Development-At least 10 min was re- 
quired for full color development with the 1% sodium nitrite solution. 
The orange color took 10 min to develop fully after the addition of the 
10% NHIOH and was stable for an additional 10 min. The absorbance 
readings must be made between 10 and 20 min after addition of the am- 
monium hydroxide. 


RESULTS 


Samples of P. bracteaturn plants grown in different regions of Yugo- 
slavia were assayed by the colorimetric method described here. Samples 
from various process phases of thebaine isolation also were examined 
(Table 11). For process samples, aqueous solutions were extracted direc~y 
with chloroform at pH >11. If the thebaine had been processed with or- 
ganic solvents, the solvent was removed by evaporation. The residue wm 
dissolved in 5% acetic acid, and the remainder of the procedure was fol- 
lowed. For comparison, some samples were assayed by a GLC method 
(7) and by a TLC-UV procedure (18) (Table 11). 
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Abstract A sensitive, specific high-performance liquid chromato- 
graphic procedure was developed for the determination of plasma eth- 
mozin levels. Basic plasma samples were partitioned with methylene 
chloride. The organic extract was washed with water and then evaporated 
to dryness under reduced pressure. The residue was redissolved in 0.2 
ml of the mobile phase, consisting of hexane-tetrahydrofuran-metha- 
nol-water (66:27:6.3:0.7 v/v), and then chromatographed on a micropo- 
rous silica column. With a variable-wavelength UV detector set a t  268 
nm, 10 ng of ethmozin/ml of plasma was measured. The utility of the 
method for human pharmacokinetic studies was demonstrated. 


Keyphrases 0 Ethmozin-analysis, high-performance liquid chroma- 
tography, plasma 0 High-performance liquid chromatography-analysis, 
plasma ethmozin levels Pharmacokinetics-plasma ethmozin levels, 
high-performance liquid chromatography, humans 


Ethmozin, l0-(3-morpholinopropionyl)phenothia- 
zine-2-carbamic acid ethyl ester hydrochloride, is an 
antiarrhythmic drug that suppresses atrial and ventricular 
premature depolarizations (1-4). 


The reported assays for ethmozin are a nonspecific 
spectrophotometric method (5) and a TLC-spectropho- 
tometry method (6). Both are unsatisfactory for phar- 
macokinetic studies because they lack either specificity or 
sensitivity. 


This report describes a plasma assay for ethmozin that 
involves a single solvent extraction, a water wash, and an 
evaporation step. The assay is sufficiently sensitive to 
measure the compound at  the lO-ng/ml level. 


EXPERIMENTAL 


Reagents-Ethmozin', borate buffer2 (0.1 M, pH 9), tetrahydr~furan~, 
methanolg, hexane3, and methylene chloride3 were used without further 
purification. 


Apparatus-The liquid chromatograph4 was fitted with a valve-loop 
injector5 with a 50-pl loop, a variable-wavelength UV detector6 set at 268 
nm, an electronic filter', and a microporous silica columns. The mobile 
phase flow rate was -1 mllmin. 


Mobile Phase-A solution containing hexane-tetrahydrofuran- 
methanol-water (66:27:6.30.7 v/v) was prepared as required. 


Standard Curves-Standard curves were prepared from extracted, 
ethmozin-spiked plasma samples. Solutions of ethmozin in methanol 
(0.25, 0.50, and 1.0 pg/ml) were used to spike plasma samples for the 
preparation of the extracted plasma standards. SDiked plasma samples 
were prepared by pipetting 0.5 ml of each ethmozin solution into 50-ml, 
polytef-lineds, screw-capped glass tubeslO. The methanolic solutions were 
evaporated to dryness'', and then 5.0 ml of control plasma was added to 
each tube. Control plasma from whole blood drawn in heparinized, 


1 E. 1. du Pcnt de Nemours & Co., Wilmington, Del. 
Fisher Scientific Co., Fair Lawn, N.J. 
Burdick & Jackson Laboratories, Muskegon, Mich. 


4 Model 830, E. I. du Pont de Nemours & Co., Wilmington, Del. 
5 Model SVOV-6-3, Clenco Scientific, Houston, Tex. 


Model 1030B, Hewlett-Pockard, King of Prussia, Pa. 
7 Model 1020, Spectrum Scientific Corp., Newark, Del. 


Microporasil, 3.9 X 300 mm, Waters Associates, Milford, Mass. 
Teflon, E. I. du Pont de  Nemours & Co., Wilmington, Del. 


10 Corex, Corning Glass Works, Corning, N.Y. 
11 Evapo-mix, Buchler Instruments, Fort Lee, N.d. 


W a 


- - 
0 5 10 0 5 10 


MINUTES 


Accepted for 


- 
0 5 10 


Figure I-Chromatograms of extracts from a plasma blank (A),spiked 
(0.10 wglml) plasma (R),  and plasma from an individual taking eth- 
mozin (C). Key: I ,  ethmozin;2, caffeine; and 3and 4, ethmozin metab- 
0 1 it es . 


evacuated tubes'* was used because plasma from blood banks often 
contained an impurity that interfered with the assay. 


The spiked plasma samples were adjusted to pH 9 using a few drops 
of 1 N NaOH and then were diluted with 5 ml of 0.1 M borate buffer (pH 
9). Following the addition of methylene chloride (12 mi) to each tube, the 
tubes were capped and then shaken on a wrist-action shaker]" for 30 min. 
The mixture was centrifuged for 10 min at  4000Xg, and the aqueous 
phase was discarded. The organic phase was washed with 5 ml of distilled 
water in a clean 25-ml glass tube. The mixture was centrifuged for 5 min, 
and then 8.0 ml of the methylene chloride layer was evaporated to dryness 
in a 15-ml graduated centrifuge tube. All of the residue was dissolved in 
0.2 ml of the mobile phase. Aliquots (50 pl) were injected into the column 
and chromatographed. 


A standard curve was prepared by plotting the ethmozin peak heights 
from the extracted plasma samples uersus the plasma ethmozin con- 
centrations. 


Recovery Study-Plasma ethmozin recoveries were determined by 
comparing the peak heights of the spiked plasma standards with those 
of the unextracted ethmozin standards (Table I) after correcting for the 
fact that only 8 ml of the original 12 ml of methylene chloride was ana- 
lyzed. 


Quantitation-A standard curve was constructed by plotting the 
ethmozin peak height of spiked plasma standards versus the plasma 
ethmozin concentration. Caffeine and several ethmozin metabolites elute 
near ethmozin, hindering use of an internal standard. To eliminate the 
need for several internal standards or an internal standard with a long 
retention time, external standards were used. Unextracted standards were 
chromatographed daily to monitor instrument performance and to cal- 
culate percent recoveries of the extracted standards. 


Unknown samples were analyzed by comparing ethmozin peak heights 
from the plasma extracts to the extracted standard curve. 


Plasma Level Study-Ethmozin (500 mg) was administered orally 
with 500 ml of water to three healthy human males, 59-75 kg, who had 
fasted overnight. Blood samples (15 ml) were withdrawn prior to dosing 


l2 Vacutainers. Becton-Dickinson and Co., Missonga, Ontario, Canada. 
I:' Model 75, Burrell Corp., Pittsburgh, Pa. 
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Table I-Linearity of Unextracted Ethmozin Standards 


Peak Mean 
EthmozinO, Height, Peak Height, Response 


&ml mm mm ( C V )  Factor * 
0.5 19 19 (3.1) 38.0 


1.0 36 36 (0)  36.0 


2.0 69 71 (2.1) 35.5 


20 
19 


36 
36 


71 


4.0 
72 
136 
134 
-0" 


136 (1.1) 34.0 


0 As ethmozin hydrochloride. Peak height divided by concentration. 


Table 11-Recovery of Ethmozin from Spiked Plasma 


Ethmozin, 
udml  n Recoverv. % (CV) 


0.025 
0.050 
0.100 
0.500 
1.000 
5.000 


11 
13 
17 
6 
6 
5 


100.8 (12.5) 
99.7 (7.5) 
102.8 (9.0) 
96.9 (7.0) 
91.4 (6.3) 
89.7 (2.6) 


and at  specified times up to 48 hr after dosing. The blood samples were 
centrifuged, and the plasma was stored frozen in clean plastic tubesI4. 
The samples were assayed using the procedure described for ethmozin- 
spiked plasma. The elimination half-lives for these individuals were 
determined using linear regression analysis of the terminal plasma 
level-time data points. 


RESULTS AND DISCUSSION 


Under the described chromatographic conditions, ethmozin eluted 
from the column in -5 min. However, ethmozin is similar to other phe- 
nothiazines in that it undergoes extensive metabolic transformation when 
given to humans'5. There are large interindividual differences in the 
number and concentration of these metabolites. For this reason, a column 
cleanout time between samples was required and external standards were 
used. Representative chromatograms from blank and spiked human 
plasma extracts and a plasma extract from a subject given 500 mg of 
ethmozin are shown in Fig. 1. 


A variable-wavelength detector a t  268 nm was used to eliminate 
background contributions to the ethmozin peak a t  254 nm in blank 
plasma extracts. The mobile phase was not used for more than 1 week 
because tetrahydrofuran oxidizes, reducing chromatogram quality. 


The linearity of unextracted ethmozin standard response is shown in 
Table I. Peak heights were proportional to the standard concentrations 
from 0.5 to 4 pg/ml, as evidenced by the fairly constant response factors 
(34.0-38.0). 


Recoveries of ethmozin from spiked plasma samples were nearly 
quantitative a t  plasma concentrations of 0.025-5.0 pg/ml, with average 
recoveries ranging from 89.7 to 102.8% and coefficients of variation 
ranging from 2.6 to 12.5% (Table 11). 


Figure 2 illustrates the plasma ethmozin concentration profile in three 
healthy volunteers given single oral 500-mg doses. Peak concentrations 


l4 Model 2017, Falcon, Oxnard, Calif. 
I s  C. C. Whitney and J. C. Caylord, unpublished data 


HOURS 


Figure 2-Ethmozin profiles in three healthy adult human males fvl-  
kwing a single oral 500-mg dose. 


of 0.48-1.54 pg/ml occurred between 1 and 3 hr. The elimination half-lives 
were 2.8-4.3 hr. 


Since ethmozin may be given concurrently with other drugs, several 
were examined to determine whether they would influence the ethmozin 
assay. No interference was observed with diazepam, hydralazine, pra- 
zosin, guanethidine, procainamide, quinidine, propranolol, chlorpro- 
mazine, fluphenazine, nicotine, caffeine, codeine, warfarin, phenytoin, 
cephalexin, aminopyrine, or perphenazine. Chlordiazepoxide, reserpine, 
trifluoperazine, and clonidine had approximately the same retention time 
as ethmozin. 
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Abstract  A series of 2-(2-alkylaminoalkylamido)-3-carbamyl-4- 
methyl-5-benzylpyrroles was synthesized and screened for vasoactivity. 
The compounds were administered intraperitoneally as a suspension to 
approximate the oral route of administration and intravenously when 
solubilization could be affected with suitable solvents. The most active 
compound following intravenous or intraperitoneal administration 
lowered blood pressure 73 and 35.5 mm Hg at  doses of 4 mg/kg iv and 100 
mg/kg ip, respectively. I t  also exhibited the longest duration of vaso- 
depressor activity (25 min). Several other compounds exhibited vaso- 
depressor activity following intraperitoneal administration. Several 
hydrochloride salts appeared to be more potent vasoactive agents than 
the corresponding bases. 


Keyphrases Lidocaine analogs-synthesis, analysis of vasoactivity, 
intraperitoneal and intravenous administration Vasoactive agents- 
synthesis, analysis, intraperitoneal and intravenous administration, 
lidocaine analogs 0 Synthesis and analysis-vasoactive agents, lidocaine 
analogs, intraperitoneal and intravenous administration 0 Adminis- 
tration routes-effect on vasoactivity, lidocaine analogs, vasoactive 
agents 


Several series of 2-aminopyrrole analogs of lidocaine 
recently were investigated as local anesthetic and antiar- 
rhythmic agents (1-3). From one series, the hydrochloride 
salt of the benzylcarbamyl analog [2-(diethylaminoacet- 
amide)-3-carbamyl-4-methyl-5-benzylpyrrole, I] was 
found to possess potent hypotensive activity following 
intravenous administration at  doses of 2-4 mg/kg (4, 5). 
Compound I was more active than lidocaine with respect 
to antiarrhythmic activity, local anesthetic activity, and 
rectal temperature and respiratory depression. 


Since I exerted its potent hypotensive property following 
intravenous administration, its structure was utilized as 
a basis for designing and synthesizing amine analogs that 
would have hypotensive activity following oral adminis- 
tration. Intraperitoneal administration was chosen to 
simulate oral activity since the drugs must cross biological 
membranes prior to exerting a hypotensive action. 


The present article reports the synthesis and vasoac- 
tivity of a series of 2-(alkylaminoalkylamido)-3-car- 
bamyl-4-methyl-5-benzylpyrroles (11) following intra- 
peritoneal and intravenous administration. 


EXPERIMENTAL 


Chemistry1-2-((N-Ethyl- N-2-hydroxyethyl)amino]acetamido-3- 
carbamyl-l-methyl-5-benzylpyrrole (Ila) -The procedure given for the 
synthesis of IIQ is representative of that  used for IIb-IIh. A suspension 
of 2-chloroacetamido-3-carbamyl-4-methyl-5-benzylpyrrole (7.0 g, 0.023 
mole) (1) in absolute ethanol (160 ml) and 2-(ethylamino)ethano1(10.2 


Melting points were determined on a Thomas-Hoover apparatus (capillary 
method) and are uncorrected. NMR spectra were determined on a Varian EM360A 
NMR spectrometer with tetramethylsilane as an internal standard. IR spectra were 
determined on a Beckman Acculab 4 spectrophotometer using the potassium 
bromide technique. Elemental analyses were performed by Atlantic Microlabs, 
Atlanta, Ga. 


H3C-CONHz H3CwCONH2 


I I1 
g, 0.115 mole) was refluxed with stirring for 8 hr. The ethanol was re- 
moved in vacua to yield an orange solid. The residue was suspended in 
water (350 ml), and the insoluble product was collected by filtration and 
dried. 


The crude product (6.0 g, 73.1%) was recrystallized from ethanol-water 
(7:3) to yield off-white crystals, mp 182.5-183.5"; IR (KBr): 3480,3315, 
3180,2960,1660,1630,1570,1380, and 720 cm-l; NMR (dimethyl sulf- 
oxide-&): 6 0.97 (t, 3H, CH3 of ethyl), 2.07 (s, 3H, CH3 a t  C4), 2.40-2.70 
(m, 4H, a methylenes of amino radical), 3.13 (s,2H, -COCHz-), 3.25 (9, 


IH, -CHzOH), 3.45 (q,2H, methylene of -CHzOH), 3.80 (s, 2H, benzylic 
methylene), 6.57 (s, 2H, -CONHz), 7.07 (s, 5H, aromatic H), 10.60 (2, lH,  
NH), and 11.54 (s, lH ,  NH) ppm (Table I). 


2- [(N -2-  Hydronyethyl- N - ethyt)amino]acetamido-.3- carbamyl- 4- 
methyl-5- benzylpyrrole Hydrochloride (IIIa)-The procedure given 
for the synthesis of IIIQ is representative of that  used for IIIb and IIIc 
and IIIe-IIIh. A stirred suspension of IIa (1.20 g, 0.0033 mole) in acetone 
(25 ml) was treated with 0.4 ml of concentrated hydrochloric acid. The 
resulting suspension was stirred for 30 min a t  ambient temperature, and 
the white precipitate was collected by filtration, washed with acetone (25 
ml), and dried. The hydrochloride salt (1.1 g, 83.0%) was homogeneous 
on TLC, mp 175-177" dec.; IR (KBr): broad absorption between 3400 
and 2600 (with absorptions a t  3400,3320,3120, and 3000), 1680,1640, 
1610,1550,1480,1380, and 960 cm-' (Table I). 


Solution Preparation-Compounds I, IIQ-IIh, and IIIa-IIIh were 
prepared for intraperitoneal administration by suspending 50 mg/ml in 
0.9% saline containing 0.5% polysorbate 802 and 0.5% acacia. Compound 
I was solubilized in 0.9% saline by adjusting the pH to 2.2 with 2 N HCl 
prior to intravenous injection. A solution of IIId (3.6 mg/ml) was prepared 
by adding 20 mg of IId to 5 ml of 20% dimethyl sulfoxide in saline and 0.5 
ml of 10% sorbitol in saline, followed by adjustment of the pH to 2.0 with 
hydrochloric acid. Solubilization was effected after slight warming of the 
resulting solution. A solution of IIIh (4.0 mg/ml) was prepared using 20% 
dimethyl sulfoxide in saline. 


Blood Pressure Determination-Male Sprague-Dawley (Spd: 
Sprague-Dawley, DS) rats, 300-400 g, were administered pentobarbital 
sodium (30 mg/kg) and urethan (950 mg/kg) intraperitoneally prior to 
surgery for blood pressure determination. After anesthetization, the 
animal was positioned on its back and the trachea, carotid artery, and 
jugular vein were exposed. The jugular vein was cannulated with poly- 
ethylene tubing3. The trachea was cannulated with a tracheal tube4 as 
necessary and connected to a respirator5 with 100% oxygen at  50 psi. The 
respirator was adjusted to deliver a respiratory rate of 60/min at  an in- 
spiratory pressure of 12-15 cm HzO. 


The carotid artery was cannulated with polyethylene tubing3 con- 
taining 100 units of h e p a d m l .  Blood pressure was monitored via a 
pressure transducer6, channel amplifier7, and recorder8. Test compounds 


2 Tween 80, ICI Americas, Wilmington, Del. 
3 PE-50 (0.58 mm i.d. X 0.97 mm o.d.), Clay Adams, Parsippany, N.J. 
4 1.5. mm i.d. X 3.0 mm o.d., Foregger Co., Smithtown, N.J. 


Mark 7,  Bird Corp., Palm Springs, Calif. 
6 Type P-lOOOB, Narco Bio-Systems, Houston, Tex. 


Type 7070, Narco Bio-Systems, Houston, Tex. 
8 Physiograph DMP-4A, Narco Bio-Systems, Houston, Tex. 


0022-354918 11 0600-0699$0 7.0010 
@ 198 1, American Pharmaceutical Association 
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Table I-Structural and Analytical Data for 2-(2-Alkylaminoalkylamido)-3-carbamyl-4-methyl-5-benzylpyrroles 


Recrystallization Analysis, % 
Compound R1 R2 R3 Yield, % Solvent Melting Point Formula Calc. Found 


IIa 


IIIa 
IIb 


IIIb 
IIC 


IIIC 
IId 


IIId; 
IIe 


IIIe 
IIf 


IIIf 
Ik 


I% 


IIIh 


73.1 


83.0 
92.7 


87.3 
84.0 


94.5 
70.9 


- 
63.4 


86.3 
92.6 


88.9 
98.2 


87.3 
92.0 


87.3 


Ethanol-water 
(7:3) 


Toluene 
a - 


182.5-183.5' C 63.66 
H 7.31 
N 15.63 


C 66.64 
H 7.65 
N 16.36 


C 68.35 
H 6.55 
N 14.49 


C 71.26 
H 6.98 
N 13.85 


C 67.39 
H 7.92 
N 15.72 


C 67.03 
H 7.11 
N 16.46 


C 64.02 
H 6.79 
N 15.72 


C 65.01 
H 7.37 
N 18.95 


63.59 
7.35 
15.58 


66.53 
7.70 
16.32 


68.35 
6.55 
14.47 


71.04 
7.00 
13.80 


67.26 
7.94 
15.68 


67.01 
7.15 
16.41 


64.00 
6.79 
15.72 


64.88 
7.42 
18.88 


Hydrochloride 
H H  n-C4Hg 


175-177' dec. 
213.0-214.5' 


Hydrochloride 
H H  CHzC6Hs 


Water 
Ethanol 


228.5-229.5' 
179.5-181.0' 


Hydrochloride 
CH3 CH3 CHzCsH5 


a - 
Methanol 


230-232' dec. 
155-157' 


Hydrochloride 
CH3 C2H5 


- 
Ethanol-water 
(3:l) 


- 
167.0-169.0' 


Hydrochloride 
H -CHzCHzCHzCHr 


a - 
Ethanol 


204-205' dec. 
243.5-244.5' dec. 


Hydrochloride 
H -CHzCHz-O-CHzCHy 


Ethanol 
Toluene 


233-234' 
258.5-260.0' 


Hydrochloride 
H -CHzCHz-N-CHzCHy 


I 
CH3 


Dihvdrochloride 


a - 
Ethanol 


266.0-268' dec. 
249.0-251.0' 


a - 246-247.5' dec. CzoHzsClzNsOz 
Homogeneous on TLC. * Racemic. Salt prepared by the addition of concentrated hydrochloric acid to an equimolar amount of the free base (IId) suspended in 


water. 


Table 11-Blood Pressure Response a to Intraperitoneally Administered 2-(2-Alkylaminoalkylamido)-3-carbamyl-4-methyl-5- 
benzylpyrroles 


Blood Pressure Response 
Maximum Average Average 


Dose, Onsetc, Change, Change, Durationd, Duration, 
Compound m g k  min mm Hg mm Hg min min 


I 
IIa 


IIIa 


IIb 


IIIb 


IIC 


IIIC 


IId 


IIId 


IIe 


IIIe 


IIf 


IIIf 


IIg 


60 
100 


100 


100 


100 


100 


100 


100 


100 


100 


100 


100 


100 


100 


0 
5 
0 


0 
-15 


0 


0 
25 -7.5 


-2.5 


12.5 


7.5 
0 
0 
15 


0 
5 
0 


0 
-5 


0 0 
0 
21 


0 
+17 
+15 


0 
0 
0 
0 


-32 
-30 
-29 
- 40 
+12 


0 
-36 
-8 
- 20 
+8 
+13 
+8 
-53 + 10 
-22 
+40 
-13 


0 
-10 


0 
-25 
-40 
-75 
-110 


+ 16 21.5 
22 
0 
0 
0 
0 
25 
25 


-31 


-35.5 


+6 


-22 


-6 


+10.5 


-21.6 


25 


25 


12.5 


15 


17.5 


17.5 


21.7 


5 
5 
5 
0 


~. 


25 
25 
25 
0 
20 5 


5 
5 
5 
5 
17 


10 
25 
10 
25 
10 
25 
15 


5 
5 
5 
5 
5 
0 
23 


25 
21 
16 


IIIg 


IIh 


IIIh 


Hydrazaline 


100 


100 


100 


5 


+13.5 


-5 


-12.5 


-75 


18.5 


3.5 


12.5 


25 


0 
7 
0 
25 
25 
25 
25 


a n = 2 or 3. * Compound I refers to the benzylcarbamyl analog of lidocaine previously reported (4) and examined (5). Compound I1 refers to the free base and 111 refers 
Blood pressure analysis was started 5 min after the intraperitoneal administration to the hydrochloride salt of the amine analogs of the benzylcarbamyl derivative. 


of the compound to avoid vehicle artifacts. d Duration was defined as the time required for the blood pressure to return to within 95% of the predrug value. 







Table 111-Blood Pressure Response to Intravenously 
Administered 2-(2-Alkylaminoalkylamido)-t-carbamyl-4- 
methyl-5-benzylpyrroles 


Blood Pressure Responsen 
Average Average 


Dose, Change, Durationb, 
Compound mg/kg mm Hg min n 


Ic 4 -54.3 7.5 5 
IIId 4 -73 30.0 3 
IIIh 4 -43.5 2.25 2 


Blood pressure recording was started immediately after the intravenous ad- 
ministration of the compound. * Duration was defined as the time required for the 
blood pressure to return within 95% of the predrug value. Compound I is the 
benzylcarbamyl analog of lidocaine previously reported (4) and examined (5). 


and the vehicle control were administered either intravenously through 
the jugular cannula or intraperitoneally. Saline (0.1 ml) was used to flush 
the cannula following each injection of the test compound or vehicle 
control solution. 


Since the average vehicular vasodepressor response lasted 3-4 min 
following intraperitoneal administration, the maximal response and 
duration were recorded for each compound between 5 and 30 min. The 
blood pressure duration response was defined as the time required for 
the blood pressure to return to within 95% of the predrug value. Data 
collection of blood pressure activity for the intravenous studies began 
with the injection of the compound and lasted for 30 min. 


RESULTS 


The blood pressure effects of the derivatives of the benzylcarhamyl 
analog of lidocaine following intraperitoneal administration (60 or 100 
mg/kg) appear in Table 11. Compounds IIa-IIh represent the free base 
forms, and IIIa-IIIh represent the corresponding hydrochloride salt 
forms. The most potent agents exhibiting vasodepressor activity were 
IId and IIId. Compound IId lowered the blood pressure an average of 31 
mm Hg with a duration of 25 min. Compound IIId was slightly more ac- 
tive, depressing the blood pressure 35.5 mm Hg with a similar duration 
(25 rnin). Other compounds exhibiting vasodepressor activity were IIIe 
and IIg, lowering the blood pressure 22 and 21.6 mm Hg with a duration 
of 15 and 21.7 min, respectively. For comparison, hydralazine, 5 mg/kg, 
lowered blood pressure 75 mm Hg with a duration of 25 min. 


Two compounds (IIIb and IIIf) appeared to exhibit a vasopressor ef- 
fect, elevating the blood pressure 16 and 10.5 mm Hg with durations of 
action of 21.5 and 17.5 min, respectively. The remaining compounds in 
Table I1 were inactive with respect to vasoactivity or produced incon- 
sistent blood pressure effects. 


One of the more potent vasodepressor compounds (IIId) and one of 
the more variable compounds (IIIh) from Table I1 were administered 
intravenously (Table 111) to compare hypotensive activity as a function 
of administration route. Both IIId and IIIh exhibited a greater vaso- 
depressor activity when administered intravenously. Compound IIId was 
the most active, lowering blood pressure 73 mm Hg with a duration of 30 
min. 


DISCUSSION 


The present series of amine derivatives of the benzylcarbamyl analog 
of lidocaine was synthesized to obtain vasodepressor activity following 


intraperitoneal administration. The derivatives exhibited variable blood 
pressure effects (Table 11). The vasodepressor response obtained fol- 
lowing intraperitoneal administration indicates that the compounds can 
cross biological membranes prior to exerting a hypotensive action. Al- 
though the amine derivatives exerted vasodepressor activity, the most 
active (IId and IIId) appeared to he only one-fortieth as active as hy- 
dralazine administered under similar experimental conditions. Com- 
parison of Tables I1 and 111 indicates that intravenous administration 
of IIId and IIIh produced a greater vasodepressor response than intra- 
peritoneal administration. The decreased activity may be explained by 
reduced solubility, decreased absorption, or increased metabolism. 


The lack of solubility of the compounds as one explanation was sup- 
ported by the fact that among the active compounds (compounds d ,  e,  
and h)  the salt was more active than the base in producing vasodepres- 
sion. The compounds may not have been absorbed well into the blood 
following intraperitoneal administration since they were not very soluble 
in common solvents. An alternative explanation may be that the com- 
pounds were metabolized at  an increased rate following intraperitoneal 
administration due to first-pass phenomena (6). 


In the original series of 2-aminopyrrole analogs of lidocaine (1,2), the 
benzylcarbamyl analog was the most potent vasodepressor agent (4). This 
fact established the structural requirements of the carbamyl function 
at  position 3 and the benzyl group at  position 5 of the pyrrole ring for 
maximal vasodepressor activity. Comparison of the compounds from a 
structure-activity relationship in the present series indicates that the 
secondary amines were devoid of vasodepressor activity. The most potent 
vasodepressors (compounds d and e )  were substituted alpha to the ter- 
tiary amino functional group. From the limited data available, it appears 
that a benzyl substitution on the amino group enhances vasodepressor 
activity. 


The activity of IId and IIId represents an improvement over the parent 
compound (I), which does not appear to exert hypotensive activity fol- 
lowing intraperitoneal administration. Additional structural modifica- 
tions will be necessary to improve hypotensive activity following intra- 
peritoneal (or oral) administration. 
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Abstract By means of a concavo-convex roller compactor, several 
pharmaceutical powders were compressed into sheets or flakes, which 
then were reduced in size by an oscillating granulator to form compacted 
granules. Several properties (bulk density, drop density, repose angle, 
and flow rate) of the powders and compacted granules were determined 
and compared. The primary effect of the roller compactor was to increase 
the bulk density without a significant change in flowability. Two materials 
compacted at  five pressures demonstrated that the bulk and drop density 
are linearly related to the logarithm of compaction pressure. 


Keyphrases 0 Powders-densification by concavo-convex roller com- 
pactor, effects on flowability Compacted granules-densification of 
powders by a concavo-convex roller compactor, effect on flowability 
Density-effects of a concavo-convex roller compactor 


For many years, dry granulation by compression has 
been used to form granules of materials that are sensitive 
to moisture or heat. Dry granulation consists of compacting 
powder to form a slug with a heavy duty, rotary tablet press 
or a solid strip using a roller compactor and then reducing 
its size by milling or screening to achieve a desired granule. 
The advantages of the roller compactor over the tablet 
press slugging process include greater production capacity, 
more control over pressure and dwell time, and no need for 
lubrication of the powder (1). The powder is force fed by 
a variable-speed screw feeder to the nip of two counter- 
rotating rollers, which deaerate and compress the powder 
into a sheet or flake. The pressure may be varied by control 
of hydraulic cylinders, which apply the force to a roller. 
The pressure required varies with the material and the 
desired density of the granule. The roller compactor may 
be used for densification of powders for encapsulation, for 
making a granulation for direct tableting, and for pro- 
ducing a directly compressible excipient that can be 
blended with the active ingredients. 


In the conventional flat roller compactor in which the 
angle of the inner wall slope of the rim is zero, an adequate 
supply of powder is not delivered to the gripping and 
compressing zone by the screw feeder because the sta- 
tionary side seals act as a resistance to the powder flow. A 
rectangular aperture chute fitted at  the end of the feed 
screw has been suggested to provide a more uniform supply 
of powder to the rollers; however, it does not prevent the 
compression pressure from being greater toward the 
middle of the width of the rollers than toward the edges 
(2). 


This study demonstrated the usefulness of a concavo- 
convex roller compactor to increase the density of several 
pharmaceutical powders and measured some pharma- 
ceutical characteristics of these compacted granules. 


EXPERIMENTAL 


Bulk Materials and Their Properties-The powders, purchased 
in bulk, were acetaminophen USP, aminobenzoic acid, precipitated 
calcium carbonate USP, dibasic calcium phosphate dihydrate USP, 


granular dicalcium phosphate', hydrous lactose2, light magnesium car- 
bonate USP, sulfadiazine USP, and sulfisoxazole USP. Each powder was 
transferred by a spatula into a 100-ml cylindrical graduate, and the vol- 
ume and weight of the powder were determined. The bulk density is the 
quotient of the weight and volume. Each graduate containing the powder 
then was dropped five times from a height of 5 cm onto a wooden surface. 
The volume and weight of the powder were determined, and the quotient 
was defined as the drop density. 


The repose angle was measured by placing the bulk powder in a funnel 
and allowing the powder to be discharged until the circumference of a 
circular dish with a radius r was just touched by the pile of powder formed 
(3). The height h of the pile was measured. The response angle q5 is de- 
fined by 4 = tan-' hlr. 


The flow rate in grams per second was determined in a flowmeter with 
a 1.905-cm circular orifice (4).  The particle-size distribution was deter- 
mined by a suitable nest of sieves in a sonic sifter3. For materials antici- 
pated to be 200 mesh, a sedimentation technique was employed with an 
Andreasen pipet4. 


Compaction-The powder was compacted in a concavo-convex roller 
compactor6 using grooved rollers. The pressure was adjusted and mea- 
sured by means of a gauge incorporated into the hydraulic system of the 
compactor. The speeds of the feed screw and the rollers were adjusted 
for each powder so that compacted strips or flakes were produced and 
the current of the roller ammeter did not exceed 2 amp. The flakes and 


LACTOSE 


T H I C K N E S S  OF 
STRIP = 1.5 m m  \ 


I I 
30" 6 0" SO" 


ANGLE OF WALL SLOPE OF RIM 
Figure 1-Percent leakage and pressure distribution in relation to wall 
slope of rim. Key: 0, leakage; and 0, Pmax/Pmin. (Reproduced, with 
permission, from Ref. 2.) 


1 Emcompress, Edward Mendell Co., Carmel, NY 10512. * Spray dried, Foremost Foods Co., San Francisco, CA 44104. 
Allen-Bradley, Milwaukee, Wis. 
Fisher Scientific Co., Chicago, IL 60143. 
Freund Model Mini, Vector Cop., Marion, JA 52302. 
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Table I-Pharmaceutical Properties of Selected Powders 


Bulk Material 


Acetaminophen 
Aminobenzoic acid 
Calcium carbonate, precipitated 
Dibasic calcium phosphate dihydrate 
Dicalcium phosphate, granularb 
Lactose, hydrous 
Magnesium carbonate, light 
Sulfadiazine 
Sulfisoxazole 


Bulk 
Density, 


g/cm3 


0.360 
0.334 
0.267 
0.695 
0.890 
0.633 
0.152 
0.296 
0.368 


Drop 
Density, 


g/cm3 


0.458 
0.470 
0.322 
0.746 
0.925 
0.774 
0.168 
0.314 
0.430 


Repose 
Angle 


46.8' 
46.8' 
41.6' 
40.4' 
33.4' 
31.9' 
44.3O 
52.9' 
51.5' 


Flow Rate, 
glsec 


Median Size, 
Ccm 


Blocked 
Blocked 
Blocked 
Blocked 
66.8 
44.6 
Blocked 
Blocked 
Blocked 


45a 
130" 
23' 
23" 
160 
160 
30 


800 
10' 


a Sedimentation by Andreasen pipet. Emcompress. 


Table 11-Pharmaceutical Properties of Granules Compacted at 140 kg/cm2 and Passed through 1-mm Screen in an Oscillating 
Granulator 


Bulk Drop 
Density, Density, Repose Flow Rate, Median Size, Crushing Loada, 


Compacted Granules g/cm3 g/cm3 Angle g/sec pm #! 
~ ~ ~~ 


Acetaminophen 0.567 0.646 43.0' Blocked 
Aminobenzoic acid 0.491 0.586 43.7' Blocked 
Calcium carbonate, 0.657 0.835 38.7' Blocked 


Dibasic calcium 0.943 1.215 44.3' Blocked 


Dicalcium phosphate, 0.939 1.115 36.2' Blocked 


precipitated 


phosphate dihydrate 


700 
600 
680 


580 


440 


<15 
39.3 (13.3Ib 
34.6 (9.2) 


29.9 (9.7) 


- 
granularC 


light 


Lactose, hydrous 0.697 0.809 40.5' Blocked 480 33.5 (15.4) 
Magnesium carbonate, 0.460 0.565 38.6O Pukatingd 670 30.9 (9.0) 


Sulfadiazine 0.592 0.712 41.6O Pulsatingd 730 80.0 (32.5) 
Sulfisoxazole 0.610 0.735 40.2' Blocked 730 40.1 (11.7) 


a Average of 10 determinations on 18/20-mesh size fraction. b Standard deviation in parentheses. Emcompress. From 20.2 to 32.8 g/sec. 


any uncompacted powder were separated using a 10-mesh sieve, and the 
finer material was returned to the hopper. The densified compact was 
processed by an oscillating granulatofi fitted with a 1.0-mm screen. The 
physical properties of the resulting granules of the compact were mea- 
sured as described previously. 


Crushing Load-By means of sieves, a 18120-mesh size fraction (920 
pm f 10%) of each compacted granule was collected. A viewing port was 
cut near the end of a 100-ml syringe from which the tip had been removed 
(5) .  A granule was placed on a flat metal platform, and the syringe was 
vertically fitted over it. A hollow plunger was gently lowered into the 
supporting syringe until its flat face contacted the granule. Mercury was 
dispensed at  a given rate from a separator into the hollow plunger until 
the granule fractured. The crush load was the sum of the weight of the 
plunger and the mercury it contained. 


width of the rollers represents a nonuniformity index. 
By means of a concavo-convex roller pair similar to that shown in Fig. 


2, eight compounds with a median diameter ranging from 3 to 160 pm 


RESULTS AND DISCUSSION 


Within the past 5 years, a roller compactor with a concavo-convex roller 
pair, which maintains their mutual fit while rotating, has been marketed. 
In the design, the height of the rim and the slope of the inner wall de- 
termine the amount of powder to be gripped and compressed. The 
presence of the additional inner walls of the rims means a greater area 
of powder is in eontact with the roller, and increased powder is subjected 
to the roller frictional drive in the region of the side seals. This feature 
counterads the side seal effect. Thus, the proper selection of the rimmed 
roller design provides that: ( a )  an adequate supply of powder is delivered 
into the gripping and compression zone to form a compacted strip and 
( b )  this powder is conveyed fully into the narrowest part of the roller gap, 
essentially eliminating the influence of the side seals. 


Satisfying these two conditions may depend on the physical properties 
of the powder; however, in practice, an angle of 65' for the inner wall slope 
of the rims or flanges and a ridge height of 7 mm provide uniform com- 
pression pressure if proper adjustments are made in the operating con- 
ditions such as roller gap, speed of screw feed, and speed of rollers. The 
influence of the angle of the rim wall slope on the distribution of pressure 
across the width of the roller and the leakage of power is shown in Fig. 
1. The ratio, P,-/Pmi,,, of the maximal and minimal pressures across the 


FGS, ~ e ~ - ~ p w a ~ ~ u ,  GmbH, H ~ ~ ~ -  &., off en^^^, 
w:s%rmany. 


Figure 2-A smooth concauo-conuex roller pair showing the f i t  of the 
rollers and the wall slope of 65'. 
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Figure 3-Bulk and roller compacted materials. The upper piles are 
the bulk powders, the middle samples are the flakes of compacted ma- 
terials, and the lower piles are the compacted granules prepared by 
passing the flakes through a 1.0-mm screen in an oscillating granulator. 
Aminobenzoic acid is on the left, and sulfadiazine is on the right. 


were compacted under a pressure of 140 kg/cm2. The powders listed in 
Table I were compacted into sheets or flakes as shown in Fig. 3 for ami- 
nobenzoic acid and sulfadiazine. 


Since the roller compactor is used to densify powders to be encapsu- 
lated or tableted, the sheets or flakes were reduced to a size common to 
these operations by means of an oscillating granulator fitted with a 
1.0-mm screen. The median diameter of the compacted granule shown 


Table 111-Comparison of Bulk Density, Drop Density, and 
Repose Angle of Powder and Compacted Granules 


Ratio of 
Ratioof Drop 


Bulk Density of 
Density of Compacted 
Compacted Granule to 
Granule to Drop Change in 


Bulk Density Density Repose 
Material of Powder of Powder Angle 


Acetaminophen 
Aminobenzoic acid 
Calcium carbonate 
Dibasic calcium phosphate 


Dicalcium phosphate, granulara 
Lactose, hydrous 
Magnesium carbonate 
Sulfadiazine 
Sulfisoxazole 


dihydrate 


a Emcompress. 


1.57 
1.47 
2.46 
1.35 


1.05 
1.10 
3.03 
2.00 
1.66 


1.41 
1.25 
2.59 
1.63 


1.20 
1.04 
3.36 
2.27 
1.71 


-3.8' 
-3.1' 
-2.9' 
+3.9' 


+2.8' 
+8.6' 
-5.7' 


-11.3' 
-11.3' 


100 


90 


80 


w 


$ 7 0  


z 
3 
I- 
I 60 


3 


n 


!2 
% 


5 
5 


> 
50 


V 


40 


2 
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V 


5 
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10.- 


200 400 600 800 1000 
PARTICLE SIZE, pm 


Figure 4-Particle-size distribution of compacted granules. Key: W, 
acetaminophen; 0, aminobenzoic acid; A, calcium carbonate; X, dibasic 
calcium phosphate; 0, lactose; A, magnesium carbonate; 0, sulfadiu- 
zine; and 0, sulfisowazole. 


in Table I1 was determined by the 50% size read from a plot of the size 
against percent less than the stated size as determined experimentally 
by sieve analysis. A composite of these plots (Fig. 4) shows that the 
compacted granules (except lactose and dicalcium phosphate dihydrate) 
had a median diameter of -700 fim. Lactose and dicalcium phosphate 
dihydrate were fragmented during compression (6, 7). The flakes of 
lactose and dicalcium phosphate dihydrate may have been fractured due 
to their brittle nature during processing in the oscillating granulator to 
produce a smaller median diameter than the other materials. 


The crushing load or the weight in grams required to fracture a granule 
was determined (Table 11). The crushing load for lactose granules pre- 
pared by roller compaction was 33.5 g. The crushing loads for lactose 
granules prepared by wet granulation were 33.9, 116, and 358.8 g for 1, 
3, and 5%, respectively, of povidone as a binding agent (3). Although the 


Table IV-Effect of ComDaction Pressure on Bulk Densits 


50 0.477 0.577 0.311 0.385 
70 0.551 0.674 0.328 0.415 
90 0.547 0.697 0.370 0.463 


110 0.609 0.784 0.396 0.489 
140 0.657 0.835 0.460 0.565 
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Figure 5-Relationship of bulk and drop densities to logarithm of roller 
pressure. Key: 0, calcium carbonate; 0, magnesium carbonate; -, bulk 
density; and - - -, drop density. 


crushing loads for lactose and dibasic calcium phosphate dihydrate were 
similar, the magnitude did not differ markedly from that of the materials. 
Thus, no correlation is apparent between the size of the material passed 
through the oscillating granulator and the crushing load of the compacted 
granules. In pharmaceutical processes, a property of a material is often 
influenced by the physicochemical nature of the material in addition to 
the process itself. Even more emphatically than the variation of the 
particle-size distribution, the effect of the nature of the material is 
demonstrated by phenacetin, which did not compact in the pressure range 
of 50-140 kg/cm2. 


As shown in Table 111, the bulk density of the compacted granules was 
double to triple that of the bulk density of the powder for calcium car- 


bonate, magnesium carbonate, and sulfadiazine. For acetaminophen, 
aminobenzoic acid, dibasic calcium phosphate dihydrate, and sulfisox- 
azole, the bulk density of the compacted granules was increased -50% 
more than that of the bulk powder. Essentially the same relationship was 
demonstrated between the drop density of the compacted granules and 
that of the powder. 


The primary effect of compaction was to increase the bulk density; little 
or no effect was shown on flowability. A decrease in the repose angle is 
intuitively associated with improved flowability. Although the repose 
angle for six materials was less after the materials were compacted, the 
compacted granules still possessed poor mobility. Only magnesium car- 
bonate and sulfadiazine were discharged from the flowmeter, and their 
flow was a pulsating one. The repose angle increased for dibasic calcium 
phosphate dihydrate and hydrous lactose. For the hydrous lactose and 
granular dicalcium phosphate’, which were marketed as readily flowable 
materials, the flow rate decreased from 44.6 and 66.8 g/sec, respectively, 
to a blockage in the flowmeter, indicating that compaction had destroyed 
the desired flowability. 


Calcium carbonate and magnesium carbonate were selected to study 
the influence of compaction pressure on bulk density, because they had 
the smallest median diameters and lowest bulk densities. The bulk and 
drop densities of these materials compacted at  five pressures are given 
in Table IV; clearly, the density increased as the compaction pressure 
increased. As shown in Fig. 5, there was a linear relationship between the 
bulk and drop density and the logarithm of compaction pressure. 
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High-pressure Liquid Chromatographic Determination of 
Chlorothiazide and Hydrochlorothiazide in Plasma and 
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Abstract High-pressure liquid chromatographic procedures were 
developed for the determination of chlorothiazide and hydrochlorothi- 
azide in plasma and urine. The plasma assay incorporates a preextraction 
procedure that eliminates interference by endogenous substances. 
Chromatography is carried out on an octadecyl reversed-phase column. 
Mobile phases are 15% methanol in 0.01 M acetic acid for plasma and 4% 
acetonitrile in 0.01 M sodium perchlorate, adjusted to pH 4.6, for urine. 
At a flow rate of 2.5 ml/min, the retention times for chlorothiazide and 
hydrochlorothiazide are 3.5 and 4.6 min for plasma and 10.5 and 13.5 min 
for urine, respectively. Preliminary results of a clinical study in fasting 
male volunteers showed that the plasma levels and urinary excretion rate 
of chlorothiazide peaked a t  1-2 hr following a 500-mg oral dose and 


subsequently declined irregularly. On the other hand, the plasma levels 
and urinary excretion rate of hydrochlorothiazide peaked at 2-3 hr fol- 
lowing a 50-mg oral dose and subsequently declined in biphasic fashion. 
Urinary excretion rates of both chlorothiazide and hydrochlorothiazide 
closely resemble their concentration profiles in plasma. 


Keyphrases 0 Chlorothiazide-simultaneous high-pressure liquid 
chromatographic determinations with hydrochlorothiazide, plasma and 
urine Hydrochlorothiazide-simultaneous high-pressure liquid 
chromatographic determinations with chlorothiazide, plasma and urine 
0 High-pressure liquid chromatography-simultaneous determinations 
of chlorothiazide and hydrochlorothiazide, plasma and urine 


Chlorothiazide and hydrochlorothiazide, two thiazide 
diuretics, are used commonly for treatment of hyperten- 
sion, congestive heart failure, and other edematous con- 


ditions. The spectrophotometric methods originally used 
to measure these compounds in urine (1-4) are based on 
derivatizations involving the Bratton-Marshall reaction 
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Differential Titration of Bases in Glacial Acetic Acid 
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Abstract A study of bases in acetic acid and their differential titration 
was carried out. The overall basicity constants for 20 bases were measured 
in acetic acid, and the differential titration of five binary mixtures of 
variable ApKb values in acetic acid was followed using a glass elec- 
trode-modified calomel electrode system. Agreement with literature 
values was good. A leveling diagram was constructed that indicated that 
bases stronger than aqueous pKb 10 are leveled to an acetous pKb 5.69, 
whereas weaker bases are not leveled but instead exhibit their own in- 
trinsic basicity, with the acetous pKb to aqueous pKb values being lin- 
early related (slope 1.18, correlation coefficient 0.962). A minimum ace- 
tous ApKb of four units is required for the satisfactory differential ti- 
tration of two bases in acetic acid. 


Keyphrases Bases-differential titration in glacial acetic acid 
Differential titration-bases in glacial acetic acid 


Glacial acetic acid is generally considered to be a leveling 
solvent for bases, but some weak bases are not leveled in 
acetic acid. Hall (1) used a chloranil electrode system to 
obtain acetous half-neutralization potentials and reported 
a leveling diagram that was a plot of aqueous pKb values 
versus acetous base strengths calculated from half-neu- 
tralization potentials. Critchfield (2) reported a similar 
leveling diagram, which was a plot of aqueous pKa values 
versus acetous half-neutralization potentials, and stated 
that a mixture of bases may be differentially titrated if 
APKacetous is 4; however, he provided no data. Fritz (3) 
stated that a mixture of an aliphatic amine and an aro- 
matic amine cannot be differentially titrated in glacial 
acetic acid and recommended using dioxane or acetonitrile 
as the solvent. 


More recent work has shown that studies in glacial acetic 
acid are valid theoretically. Kolthoff and Bruckenstein (4) 
showed that accurate acetous pKb values may be calcu- 
lated from neutralization potentials. These potentials can 
be measured with a glass electrode-modified calomel 
electrode system, which has been shown to function the- 
oretically (5). This paper presents studies from which an 
accurate leveling diagram was constructed and from which 
a reliable ApKacetous value for the differential titration of 
mixtures of bases in glacial acetic acid was established. 


EXPERIMENTAL 


Chemicals-All chemicals were reagent grade and were used without 
further purification. 


Solutions-Acetous perchloric acid (4.1 N) was prepared according 
to the method of Fritz (6) and standardized against potassium bi- 
phthalatel. 


Apparatus-The potentials of the cells were measured using a pH 
meter2 equipped with a 20-ohm (f0.05%) resister across the output re- 
sister terminals. A recorder3 was set at 10 mv full scale and at  a chart drive 
of 5 cm/min. The ground terminals of the pH meter, recorder, automatic 
constant-rate buret4 chassis, and magnetic stirrel.5 chassis were connected 


1 Thorn Smith, Troy, Mich. 
Leeds & Northrup model 7401. 
Leeds & Northrup Speedomax. 
Sargent model C. 
SGA Magnestir. 


Table I-Comparison of Aqueous and Acetous Basicity 


Aque- Sharp- 
ous Acetous ness 


Compound pKb" pKb ApK Indexb 


1 Urea 
2 Theophylline 
3 2,5-Dichloroaniline 


4 p-Aminosalicylic acid 
5 p-Aminobenzoic acid 
6 Benzocaine 
7 Nicotinic acid 
8 Isonicotinic acid 
9 P-Alanine 


10 Triphenylguanidine 
11 Phenanthroline 
12 Asparagine 
13 Pyridine 
14 N,N-Diethylaniline 
15 Triethanolamine 
16 Tris(hydroxymethy1)- 


aminomethane 
17 Benzylamine 
18 Atropine 
19 Tribenzylamine 
20 Triethylamine 


13.90 


12.43 


12.22 
11.50 
11.22 
10.87 
10.74 
10.39 
9.10 
9.08 
8.90 
8.79 
7.39 
6.23 
5.97 


4.67 
4.15 


3.25 


>13 


- 


-c,  10.24d 
C - 


9.22, 9.17e 
9.48d 
8.75 
8.04 
7.53, 7.60e 
7.01 
6.86 
5.72 
5.55,5.57e 
4.86 
6.57 
6.21, 6.10d 
5.56e 
5.00 
6.06e 


5.95 
5.93e 
4.87e, ~5 .40~ 
5.35 


3.66 


3.36 


3.47 
3.46 
3.69 
3.86 
3.88 
4.67 
3.55 
4.22 
2.33 
2.58 
1.83 
1.23 


-0.09 


-1.18 
-1.78 


-2.10 
- 


- 
- 


0.38 


2.18 
4.58 
6.92 
4.58 
7.35 
6.63 


12.24 
11.84 
7.76 
9.67 


10.76 
- 


- 


12.24 


14.86 
9.59 


- 


0 Data of Perrin (9). b Magnitude of the slope of the titration curve (10). 
Data of Bruckenstein and c Compounds are not titratable in glacial acetic acid. 


Kolthoff (11). 0 Data of Medwick et al. (5). 


to a common ground. The cell consisted of a 400-ml beaker with a 
ground-glass cover with openings for the electrodes and buret. The 
electrodes used were a glass electrode6 (stored in distilled water) and a 
fiber calomel electrode7 (stored in glacial acetic acid) modified by re- 
placing the aqueous salt bridge solution with 0.1 M acetous lithium 
perchlorate. 


Procedures and Calculations-The titrations were performed by 
dissolving 4 . 6  mEq of base in 50.00 ml of glacial acetic acid. The elec- 
trodes were blotted dry and inserted into the beaker. The initial and final 
potentials were read from the pH meter, and the end-point potentials 
were taken from the acetous perchloric acid titration curve described by 
Medwick and Kirschner (7). The EO' value for the glass electrode, using 


4 y  


4 t  
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  


AQUEOUS nKh 


Figure 1-Leveling diagram of bases showing aqueous versus acetous 
pKb values. Numbers used for each compound correspond to the num- 
bers in Table I. 


Beckman 39099 E3. 
Corning 476002. 
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Table 11-Analytical Results of Studv of Differentiation of Bases in Glacial Acetic Acid 


Mixture Component, Purity” 


1 Triethanolamine 
Tris(hydroxymethy1)aminomethane 


2 1,lO-Phenanthroline 
Isonicotinic acid 


3 1,lO-Phenanthroline, 102.36 f 0.63% 
p-Aminobenzoic acid, 100.93 f 0.63% 


4 Tribenzylamine, 101.14 f 0.19% 
2,5-Dichloroaniline, 99.17 f 0.48% 


5 1,lO-Phenanthroline, 102.36 f 0.63% 
2,5-Dichloroaniline, 99.17 f 0.48% 


PKbacetous 


5.00 
6.06 
4.86 
6.86 
4.86 
8.04 
5.03 
9.17 
4.86 
9.17 


Sharpness 
APK Index 
1.06 - 


2.00 - 


3.18 0.47 
4.99 


- 


- 


4.14 


4.31 


3.47 
1.01 
3.65 
1.02 


Recovery”, % 


b 
b 
b 
b 


- 
- 
- 
- 


107.51 f 1.06 
93.14 f 0.63 


101.65 f 1.05 
100.34 f 0.40 
100.84 f 0.39 
101.11 f 1.15 


The mean and standard deviation are given for a group of three analyses. * Individual analysis is not possible. 


tribenzylaminea as the standard, and the conversions of the end-point 
potentials to pKb values were calculated as detailed by Medwick et al. 
(5). 


RESULTS AND DISCUSSION 


Table I compares the aqueous and acetous basicity of the compounds 
studied. The acetous pKb values were calculated from the mean milli- 
voltage value of three titrations. The variations in the millivoltage values 
ranged from 2 mv (ApKb = 0.04) to 13 mv (ApKb = 0.22). In this study, 
the two weakest bases, urea and theophylline, were not titratable, con- 
trary to the report of Hall (1). Medwick and Scheisswohl(l2) showed that 
theophylline cannot be titrated in glacial acetic acid. 


The acetous pKb for urea reported by Bruckenstein and Kolthoff (11) 
must be considered erroneous since the titration behavior indicates that 
it is a weaker base than had been reported. Comparisons of other values 
determined by Bruckenstein and Kolthoff (11) are, with the exception 
of pyridine, weaker than those reported here. Comparisons of values re- 
ported by Medwick et al. (5) for three compounds agree very well with 
the results of this study, as the pK differences indicate: 2,5-dichlo- 


TITRANT VOLUME 


Figure %-Titrations of fiue different mixtures of two bases in glacial 
acetic acid. The individual curues are numbered to identify the mixture 
titrated using the same numbers as in Table II. 


The melting point (uncorrected) was 9 3 O  [lit. (8) mp 9Z0]. 


roaniline, ApK 0.05; benzocaine, ApK 0.07; and triphenylguanidine, ApK 
0.02. This agreement demonstrates the excellent reproducibility of the 
glass electrode-modified calomel electrode system and shows its supe- 
riority to the chloranil electrode system since chloranil is subject to de- 
composition, precipitation, and the formation of hemiperchlorates (1). 


The leveling diagram (Fig. 1) consists of three parts: the horizontal or 
leveling line, representing the value (pKb,h, 5.69) to which strong bases 
are leveled; the inflection point (9.67), theoretically 9.24, the aqueous pKb 
value of acetate; and the line with a slope of 1.180 (correlation coefficient 
0.962). Theoretically, the slope of the line is exactly 1.00 since there is no 
interaction of weaker bases with either solvent, water or acetic acid, and 
the intrinsic basicity of each compound is observed. The scatter of points 
may be due to the varied sources for the aqueous pKb values. 


To determine the ApKb,,b, value necessary for differential titration 
of bases in glacial acetic acid, five binary mixtures with differing ApKb 
values were prepared (Table 11). The individual titration curves for each 
mixture are given in Fig. 2. When the ApK is two units or less, only one 
titration break is seen. At a ApK of three units, two breaks are observed, 
but the quality of the end-point is not very good, as seen from the 
sharpness index (the magnitude of the slope of the titration curve) (lo), 
and the analytical results show overlap. When the ApK is greater than 
four units, better resolution of components and satisfactory analytical 
results are obtained since each titration break is sharper. 


On the basis of this work, it is concluded that the minimum acetous 
ApKb for satisfactory differential titration of bases in glacial acetic acid 
is four units. This conclusion agrees with the statement of Critchfield 
(2). 
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Abstract  0 The chloroacetyl derivatives of four representative para- 
substituted phenylalanines, N-chloroacetyl-p-chloro-DL-phenylalanine, 
N -chloroacetyl-p-nitro-DL-phenylalanine, N",NP-di(chloroacetyI)- 
p-amino-I>I.-phenylalanine, and N-chloroacetyl-0-methyl-L-tyrosine, 
were prepared and tested for growth inhibitory activity in Lactobacillus 
casei. The inhibition with these compounds approximated that of most 
other inhibitory chloroacetyl amino acids reported previously. However, 
N-chloroacetyl-p-chloro-DL-phenylalanine, the most active of these 
compounds, exhibited an activity approximately that of N-chloro- 
acetyl-P-hydroxy-D-norleucine B, the most active N-chloroacetyl de- 
rivative studied thus far. In view of this finding, the N-chloroacetyl de- 
rivatives of other para-halogenated phenylalanines were prepared and 
tested. The inhibitory capacity of the N-chloroacetyl derivatives of p-  
homo- and p-iodophenylalanine was even greater than that of p-chlo- 
rophenylalanine, and the order of activity of these compounds increased 
from the chloroacetyl derivative of p-chloro- to that of p-bromo- to that 
of p -iodo-DL-phenylalanine. The activity of N-chloroacetyl-p-bromo- 
and N-chloroacetyl-p-iodo-DL-phenylalanine was as great as that of the 
ring-substituted N-benzoylphenylalanines, the most potent N-acyl de- 
rivatives observed. 


Keyphrases N-Chloroacetyl derivatives of para-substituted phen- 
ylalanines-tested for growth inhibition in microbial antitumor pre- 
screen, structure-activity relationships Amino acid derivatives-N- 
chloroacetyl derivatives of para -substituted phenylalanine, structure- 
activity relationships, growth inhibition in microbial antitumor prescreen 


Structure-activity relationships-N-chloroacetyl derivatives of 
para-substituted phenylalanines tested for growth inhibition in microbial 
antitumor prescreen Antineoplastic activity, potential-N-chloroacetyl 
derivatives of para-substituted phenylalanines, tested for growth inhi- 
bition in microbial antitumor prescreen, structure-activity relation- 
ships 


Previous studies (1, 2) demonstrated that N-chloro- 
acetyl derivatives of certain amino acids and amino acid 
analogs inhibited growth in a microbial antitumor pre- 
screen where no activity was noted with the parent amino 
acid. In these studies, a commercially obtained N-chlo- 
roacetyl-L-tyrosine, even after recrystallization, showed 
marked inhibitory activity1. Whereas most of the other 
"active" N-chloroacetyl amino acids inhibited growth by 
20-3096 at 4.47 mM (Z), this preparation of N-chloro- 
acetyl-L-tyrosine showed essentially complete inhibition 
a t  0.2 mM. Since chloroacetyl-L-phenylalanine exhibited 
no remarkable activity over that observed for the other 
inhibitory chloroacetyl amino acids, it was of interest to 
determine whether the N-chloroacetyl derivatives of other 
para-substituted phenylalanines would show the level of 
activity noted with N-chloroacetyl-L-tyrosine. 


The N-chloroacetyl derivatives of some representative 
phenylalanines containing para- substituted electrophilic 
or electrophobic groups were prepared and tested for 
growth inhibition in a microbial antitumor prescreen. This 
article reports the results of that study. 


~ 


Although subsequent preliminary studies indicated that the inhibitory factor 
was not N-chloroacetyl-L-tyrosine but rather a contaminant present in the com- 
mercial product, the results obtained supplement earlier studies on chloroacetylated 
amino acids (2),  especially in view of the relatively potent inhibitions noted with 
some compounds. 


EXPERIMENTAL 


Materials-The free amino acids were obtained from commercial 
sources and were recrystallized from water-ethanol before use. Purity 
was ascertained by elemental analysis and by paper chromatography in 
at least four different solvent systems (2). 


Methods-The amino acids were chloroacetylated by the conventional 
Schotten-Baumann procedure (3). The products were recrystallized from 
ethyl acetate, and their purity was ascertained by elemental analysis, Van 
Slyke nitrous acid determination of primary amino nitrogen (4), melt- 
ing-point determination, and, where applicable, optical rotation mea- 
surements (Table I). 


Van Slyke nitrous acid determination of primary amino nitrogen (4) 
was made on 1-ml samples containing an equivalent of 0.250-0.300 mg 
of the amino nitrogen (when hydrolyzed). Melting points were deter- 
mined on a melting-point block2 and are uncorrected. Optical rotation 
measurements were made on a polarimeter" equipped with a sodium 
lamp, using 100-mm tubes having a 3-mm bore size and a 0.7-ml sample 
capacity. 


Microbial Antitumor Prescreen-The compounds were tested for 
antitumor activity using a microbial antitumor prescreen described by 
Foley et al. (5). The microbial system used was Lactobacillus casei 74694 
in a riboflavin-supplemented riboflavin assay system. The test com- 
pounds were dissolved in water, the solution pH was adjusted to 6 by the 
addition of 0.1 N NaOH, and then the solution was sterilized by passage 
through an all-glass bacterial filter. 


The extent of growth was determined by turbidity measurements in 
a Klett-Summerson photoelectric colorimeter equipped with a red filter 
(660 nm) after 19 hr of growth a t  37' (1). A t  least three duplicate deter- 
minations were made for each compound. The duplicate values in each 
determination agreed within f5 Klett units. The details of the assay were 
described previously (1). 


RESULTS AND DISCUSSION 


Table I1 shows the extent of inhibition caused by the N-chloroacetyl 
derivatives of para-substituted phenylalanines assayed in accordance 
with the microbial antitumor prescreening protocol (5). Ihitially 
Na,NP- di(chloroacety1)-p -amino-DL-phenylalanine, N-chloroacetyl- 
p-chloro-DL-phenylalanine, N-chloroacetyl-0-methyl-L-tyrosine, and 
N-chloroacetyl-p-nitro-DL-phenylalanine were tested. Except for N- 
chloroacetyl-p -chloro-DL-phenylalanine, the compounds showed modest 
inhibition, which was similar to that of most of the other inhibiting 
chloroacetyl derivatives reported earlier (2), i.e., -20% at 4.47 mM. N- 
Chloroacetyl-p-chloro-DL-phenylalanine showed considerably more 
activity (42% inhibition), approaching a positive test according to the 
screening protocol, i.e., 50% inhibition a t  1 mg/ml(5). 


When the inhibitory activities of these compounds were compared on 
an equimolar basis among themselves (Table 111) and with other chlo- 
roacetyl derivatives (2), it was found that, with the exception of N- 
chloroacetyl-p-chloro-DL-phenylalanine, they were approximately the 
same as those of the other inhibitory chloroacetyl compounds (2). The 
activity of N-chloroacetyl-p-chloro-DL-phenylalanine was approximately 
that of N-chloroacetyl-P-hydroxy-D-norleucine B, the most potent 
chloroacetyl derivative studied thus far (2,6). 


Because of the striking inhibition exhibited by N-chloroacetyl-p- 
chloro-DL-phenylalanine, it was of interest to test the inhibitory activity 
of the N-chloroacetyl derivatives of other para-halogenated phenylala- 
nines. Therefore, the N-chloroacetyl derivatives of p-bromo- and p -  
iodo-DL-phenylalanine were prepared (Table I) and tested for growth 


* Fisher-Johns. 
Rudolph model 80. 
American Type Culture Collection, Rockville, Md. 
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Table I-Purity Data of N-Chloroacetyl Derivatives of para-Substi tuted Phenylalanines 


90 


Optical Primary 
Melting Rotationa Amino Empirical Analysis *, % 


Compound Point [42~2-~~~ Nitrogen Formula Calc. Obs. 


0.7 Ci3Hi4C12N204 C 45.63 45.62 
H 4.01 4.35 


N 8.18 8.22 


H 4.02 4.35 ci 25.68 25.26 
N 5.07 5.33 


N-Chloroacetyl-O-methyl- 112-113" +59.1' (A) 2.3 Ci2Hi4ClNOr C 53.05 53.13 


C1 13.05 12.95 
N 5.16 5.16 


H 3.87 4.05 
12.31 C1 12.37 


0 C11H11BrClN03 C 41.21 41.52 
H 3.46 3.44 
N 4.37 4.37 
X' 22.12 21.90 


0.8 CliHilClINO3 c 35.94 36.31 
H 3.02 3.05 
N 3.81 3.65 
X 19.29 19.07 


Na ,W- Di(chloroacety1)- 183-185' 0' (W) 
p-amino-DL-phenylalanine, 
monohydrate C1 20.19 20.48 


1.8 CiiHiiC12N03 c 47.85 47.58 N-Chloroacetyl-p-chloro- 153-155' 0' (A) 
DL-phenylalanine 


L-tyrosine H 5.19 5.39 


1.8 CiiHi iC1N205 C 46.09 45.99 


N 9.77 9.88 


N-chloroacetyl-p-nitro- 131' 0' (A) 
DL-phenylalanine 


N-Chloroacetyl-p-bromo- 156-15'7' 0' (A) 
DL-phenylalanine 


N-Chloroacetyl-p-iodo- 162-166' 0' (A) 
DL-phenylalanine 


a Optical rotation measurements: W = in water plus 1 equivalent of sodium hydroxide, c, 2. A = in absolute ethanol, c, 2. * Elemental anal s were performed by the 
Microanalytical Laboratory, National Institute of Arthritis, Metabolism, and Digestive Diseases, National Institutes of Health, Bethesda, E. X = percent of total 
halide as chloride. 


- 


inhibitory activity. These compounds also showed considerable activity, 
some 55% a t  1 mg/ml (Table 11). 


A comparison of activity a t  equimolar levels showed that both N- 
chloroacetyl-p-bromo-ot,-phenylalanine and N-chloroacetyl-p-iodo- 
I)t,-phenylalanine inhibited the growth of the test organism to a greater 
degree than did N-chloroacetyl-p-chloro-DI,-phenylalanine (Table 111). 
A t  4.47 mM, the concentration a t  which the activities of the various acyl 
derivatives were compared, these two acyl derivatives showed almost 
complete inhibition. 


A more detailed study on the relative activities of these p-halogenated 
phenylalanines was made (Fig. 1). The activity increased in order from 
N-chloroacetyl-p-chloro-DL-phenylalanine, to N-chloroacetyl-p- 
I)romo-I,L-phenylalanine, to N-chloroacetyl-p-iodo-DL-phenylalanine. 
The IDS,) values of these compounds were 4.3, 2.5, and 1.8 pmoles/ml, 
respectively. The IDSO value of N-chloroacetyl-p-fluoro-DL-phenylala- 
nine, extrapolated from its inhibition a t  4.47 pmoleslml reported previ- 
ously (2), was 14.1 pmoledml. Thus, the activity of the N-chloroacetyl- 
p-halogenated phenylalanine increases with increasing atomic size of the 
para -substituted halogen atom. 


In view of the observation that N-benzoyl-p-chloro-DL-phenylalanine 
also showed marked inhibition (7,8), it appears that thep-halogenated 
phenylalanine moiety of the acylated compound exerts an important 
effect on the final activity of the acylated amino acid. However, the nature 
of the acyl moiety is also likely to be important since the N-benzoyl de- 
rivative of p-chlorophenylalanine was markedly more active than the 
corresponding chloroacetyl derivative, the former showing complete 
inhibition at  4.47 pmoles/ml and the latter showing 48% inhibition a t  that 
concentration. 


It is unlikely that the activity is due to the hydrolytic release of the 
parent amino acid, i .e.,  p-chloro-DL-phenylalanine, p-bromo-DL-phe- 
nylalanine, or p-iodo-DL-phenylalanine, since these amino acids showed 
no appreciable activity when tested in equimolar concentration (Table 
111). Previous studies (2) also showed that there was no significant hy- 
drolysis of the acylated amino acid during incubation. 


The other para-substituted phenylalanines showed activity compa- 
rable to the active N-acylated amino acid analogs (2) and in no way were 
as inhibitory as the para-halogenated derivatives (Tables I1 and 111). 
Hence, it is unlikely that para-substitution per se increased activity. Also, 
since the p-nitrophenylalanine derivatives did not show the same degree 
of activity as the para-halogenated phenylalanine derivatives, i t  is un- 
likely that the electronegativity of the para-substituted species plays a 
role in conferring the activity. 


While the possibility that the observed activity is caused by minute 
quantities of highly active contaminants is not excluded, it is unlikely 
since all of the compounds were prepared in these laboratories using 
identical procedures and were purified using identical reagents for re- 


.i 


/ 


FINAL CONCENTRATION, flmoleslml 
Figure 1-Comparison of inhibition by N-chloroacetyl-p-halogen- 
ated phenylalanines. Key: A, N-chloroacetyl-p-chloro-DL-phenylal- 
anine; 0, N-chloroacetyl-p-bromo-DL-phenylalanine; 0, N-chloro- 
acetyl-p-iodo-DL-phenylalanine; and 0, N-chloroacetyl-p-fluoro- 
DL-phenylalanine (2). 
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Table 11-Effect of N-Chloroacetyl Derivatives of para-Substituted Phenylalanines on the Growth of L. casej. 


Concentration 


N-Chloroacetyl-p -chloro-DL-phenylalanine 3.62 


Na,NP- Di(chloroacety1)-p-amino-DL-phenylalanine 3.00 
N-Chloroacetyl-0 -methyl-L-tyrosine 3.68 
N-Chloroacetyl-p -bromo-DL-phenylalanine 3.12 
N-Chloroacetvl-p -iodo-DL-phenvlalanine 2.72 


N-Chloroacetyl-p -nitro-DL-phenylalanine 3.49 
5 
3 
6 
4 
2 


i-3 


19 42 
10 18 
13 21 
11 20 
25 56 
35 54 


For detaila of assay procedure, see Refs. 1 and 2. b Turbidity readings of the inoc 
in the assay system. 


crystallization. Since widely different inhibitory activities were observed, 
contaminants producing inhibition would have had to he present in the 
original compounds and retained during the preparative and purification 
procedures. This is clearly not the case since compounds that were not 
chloroacetylated did not inhibit. Therefore, it seems reasonable that the 
inhibitory activities are intrinsic properties of the newly synthesized 
compounds and are related principally to the chloroacetylation of the 
amino group and, secondarily, to the introduction of substituent groups 
into the aromatic ring of the amino acid. 


Table 111-Comparison of the Effect of Equimolar 
Concentrations of N-Chloroacetyl Derivatives of para- 
Substituted Phenylalanines on the Growth of L. casei* 


ComDound Inhibitionb. % 


N-Chloroacetyl-p -chloro-DL-phenylalanine 48 
N-Chloroacetyl-p-nitro-DL-phenylalanine 19 
Na,NP-Di( chloroacety1)-p -amino-DL-phenylalanine 22 
N-Chloroacetyl-0 -methyl-L-tyrosine 20 
N-Chloroacetyl-DL-phenylalanine 20 


N-Chloroacetyl-p -iodo-DL-phenylalanine 93 
p-Bromo-DL-phenylalanine t 3  
p-Chloro-DL-phenylalanineC 0 
p -1odo-DL-phenylalanine 0 


N-Chloroacetyl-p -bromo-DL-phenylalanine 86 


a Maximum rowth in inoculated control tubes (containing no test compound) 
was 186-196 Kfett units. Concentration wan 4.47 pmoleslml and was the final 
concentration of the assay system. Free amino acid. 


COMMUNICATIONS 


ulated control tubes (containing no test compounds) were 1&196. c Final concentration 


In studies of this nature, where empirical relationships of inhibitory 
capabilities are sought, there is little information regarding the mecha- 
nism of action. To study the mechanism of action, more sophisticated 
experiments are required. 


The activity of the N-benzoyl-p-bromo and N-benzoyl-p-iodophen- 
ylalanine is being studied and compared with the corresponding N- 
chloroacetyl compounds. 
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Nasal Absorption of Natural Contraceptive 
Steroids in Rats-Progesterone Absorption 


Keyphrases Progesterone-nasal absorption compared with that 
following intravenous and intraduodenal administration, rats 0 Ab- 
sorption, nasal-progesterone, compared with absorption following in- 
travenous and intraduodenal administration, rats 0 Contraceptives, 
natural-progesterone, nasal absorption compared with that following 
intravenous and intraduodenal administration, rats TLC-identifi- 
cation of unchanged progesterone following nasal administration to rats, 
compared with intravenous and intraduodenal administration 


To the Editor: 
Contraceptive natural steroids such as progesterone and 


estradiol are ineffective when given orally due to extensive 
metabolism in the GI tract during absorption and first- 
pass metabolism (1,2). Thus, highly potent and potentially 
harmful synthetic steroids are currently being used in oral 
dosage forms. 


To enhance progesterone bioavailability from nonpar- 
enteral routes, the nasal route was examined. Previous 
studies showed that propranolol is absorbed efficiently 
from the nasal mucosa of rats and dogs (3,4). Sprague- 
Dawley male rats, 300 g, were anesthetized with pento- 
barbital sodium (50 mgkg). For each dose and for each 
administration route, four to six rats were used. 


For nasal administration, three doses of 50,100, and 150 
pg of [4J4C]progesterone (8 pCi) in 0.1 ml of 1% polysor- 
bate 80-saline solution were administered to the nasal 
cavity of each rat by a micropipet according to the proce- 
dure described previously (3). For intravenous adminis- 
tration, the same doses were injected through the femoral 
vein. For intraduodenal administration, the abdomen was 
opened by a midline incision, and the 50-pg dose in 0.1 ml 
of 1% polysorbate 80-saline solution was injected directly 
through the duodenum. 


After administration, 0.2 ml of blood was sampled pe- 
riodically from the femoral aorta. The blood sample was 
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Simple High-Performance Liquid Chromatographic Assay for 
Norethindrone-Mestranol in Combination Tablets 
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Abstract A simple, sensitive, and specific high-performance liquid 
chromatographic procedure was developed to assay norethindrone- 
mestranol combination tablets. The method involves a chloroform ex- 
traction of a single pulverized tablet. After centrifugation, an aliquot of 
the supernate was injected into a modular high-performance liquid 
chromatograph. The effluent from the silica column was monitored 
serially with a fixed-wavelength UV detector (254 nm) for norethindrone 
quantitation and a fluorescence detector (230 nm for excitation and 
280-nm cutoff filter for emission) for mestranol quantitation. Proges- 
terone was used as an internal standard. The method was employed 
successfully in content uniformity studies of several brands of commer- 
cially available tablets. 


Keyphrases High-performance liquid chromatography-norethin- 
drone-mestranol tablets, content uniformity studies Contracep- 
tives-norethindrone-mestranol tablets, high-performance liquid 
chromatography, content uniformity studies 0 Hormones, synthetic- 
norethindrone-mestranol tablets, high-performance liquid chromatog- 
raphy, content uniformity studies 0 Norethindrone-mestranol combi- 
nations-high-performance liquid chromatography, content uniformity 
studies 


Two widely used synthetic hormonal contraceptive 
steroids are norethindrone and mestranol, and various 
methods have been reported for their assay. Norethindrone 
was determined by spectrophotometry (1-3), fluorometry 
(4,5), and GLC (3,6). Mestranol also was determined by 
spectrophotometry (7), fluorometry (8), and GLC (9,lO). 
Simultaneous analysis of norethindrone and mestranol in 
combination tablets was achieved by GLC (ll), quanti- 
tative TLC (12), and high-pressure liquid chromatography 
(13). The official compendia1 method (14) for the combi- 
nation tablets is an automated method utilizing a spec- 
trophotometer and a fluorometer to quantitate norethin- 
drone and mestranol, respectively. 


Each published chromatographic method has certain 
disadvantages. The TLC method requires scanning the 
plates at two different wavelengths with intervening 
spraying. The GLC method results in chromatograms with 
the undesirable characteristic of widely divergent peak 
heights for the two steroid components. A similar peak 
height disparity is observed with the reported high-pres- 
sure liquid chromatographic method, and the sample 
preparation technique sometimes results in the solubili- 
zation of excipients that interfere in the chromatog- 
raphy. 


The present study reports a rapid high-performance 
liquid chromatographic (HPLC) method for the simulta- 
neous analysis of norethindrone and mestranol in combi- 
nation tablets using peak height determinations. 


EXPERIMENTAL 


Apparatus-The modular high-performance liquid chromatograph 
consisted of a constant flow pump1, an automated injector2, a fixed- 


1 Model M6000A, Waters Associates, Milford, Mass. 
2 Model WISP 710A, Waters Associates, Milford, Mass. 


wavelength UV detector3 (254 nm), a fluorescence de tec td  (excitation, 
230 nm; emission, 280-nm cutoff filter), and a strip-chart recorder5 (0.5 
cm/min). Stainless steel columns6 (4.6 mm i.d. X 250 mm), packed with 
fully porous, irregularly shaped 5-pm silica, were obtained commercially. 
Sample filtration was achieved by employing a syringe-type 25-mm filter 
holder7 and 0.5-pm filterss. [An oversized filter (47 mm) was used so that 
it could be wrapped around the holder to improve the seal.] 


Chromatographic Conditions-The mobile phase was ethylene di- 
chloride-butanol-water (97.5:2.4:0.1). A flow rate of 1.3 ml/min was es- 
tablished (1500 psig), and the column was conditioned initially for 16 
hr. 


Reagents and Materials-MestranoB, n~rethindrone~, and pro- 
gesterone'O were obtained commercially. Solvents were al l  HPLC grade". 
Individual stock solutions of mestranol, norethindrone, and progesterone 
were prepared by dissolving 10,100, and 400 mg, respectively, in 10 ml 
of chloroform. 


Glassware Preparation-All glassware including pipets and syringes 
were silanized by immersion into a solution of 5% trimethylchlorosilane 
in toluene for a t  least 1 hr. Then the glassware was rinsed with toluene, 
methanol, water, methanol, and chloroform. 


Assay-A single tablet was crushed to a fine powder in a folded sheet 
of weighing paper. The powder was transferred into a 15-ml test tube, 
and 4 ml of chloroform was added. Then 30 p1 of the progesterone internal 
standard solution was added with a 50-p1 syringe12. The sample was 
vortexed for -30 sec, followed by 5-10 min of standing, and then was 
vortexed again for 1 min. The samples then were centrifuged and filtered 
through a 0.5-pm filter. The filtrate was transferred to a silanized vial 
for subsequent loading into the automated injector, which was pro- 
grammed to inject 2 pl. 


The amounts of mestranol and norethindrone in the tablets were de- 
termined from standard curves prepared by plotting peak height ratios 
(mestranol-progesterone or norethindrone-progesterone) uersus the 
concentrations of the direct standards. These direct standards were 
prepared by spiking, into chloroform, both mestranol and norethindrone 
and then bringing each to a final volume of 4 ml. The amounts of mes- 
tranol and norethindrone spiked were 0 and 0,30 pg and 0.5 mg, 50 pg 
and 1.0 mg, 100 pg and 2 mg, 150 pg and 2.5 mg, and 500 pg and 7.5 mg, 
respectively. In some cases, an additional standard (60 pg of mestranol, 
10 mg of norethindrone) was included. To each standard was added 30 
pl of the internal standard solution. 


Recovery-Five tablets were ground together to a fine powder. Four 
aliquots, corresponding to the weight of a single tablet, were placed into 
individual test tubes. Standard mestranol and norethindrone were added 
to two of these test tubes. The amounts of the standards added were 
one-half of the tablet strength of each component. All samples then were 
assayed. This study was conducted on seven different  product^'^. 


Precision-Fifteen tablets of Product F were ground to a fine powder; 
then 10 aliquots, equivalent to the weight of one tablet, were transferred 
to 10 test tubes. All samples then were assayed. 


Content Uniformity-Seven drug products were assayed for content 
uniformity. 


Model 440, Waters Associates, Milford, Mass. 
Model FS970, Schoeffel Instruments, Westwood, N.J. 
Model 9176, Varian Instruments, Palo Alto, Ca!if. 


6 Prepacked HI-EFF Micropart column wlth Llchrosorb Si60 (5 pm) silica, 


1: Swinnex-25, Millipore Corp., Bedfort Mass. 
8 FHUP-047-00, Millipore Corp., Bedford, Mass. 
9 Reference standard, United States Pharmacopeial Convention, Rockville, 


10 Lot 87C-0082, Sigma Chemical Co., St. Louis, Mo. 
11 Burdick & Jackson Laboratories, Muskegon, Mich. 
12 Hamilton Co., Reno, Nev. 
l 3  Product A, Norinyl 1 + 50; Product B, Norinyl 1 + 80; and Product C, Norinyl 


2/100 (Syntex, Humacao, Puerto Rico). Product D, Ortho-Novum 1/50; Product 
E, Ortho-Novum 1/80; Product F, Ortho-Novum 2/100; and Product G, Ortho- 
Novum 10/60 (Ortho Pharmaceutical Corp., Raritan, N.J.). 


Ap lied Science Laboratories, State Colle e, Pa. 


Md. 
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Table I-Recovery Data for Seven Commercial Tablets 


Assay Results” 
Tablet Tablet plus Standard* 


Norethindrone, Mestranol, Norethindrone, * Mestranol, Percent Recovery 
Product mg Pg mg Fg Norethindrone Mestranol 


A 1/50 
B 1/80 
c 21100 
D 1/50 
E 1/80 
F 21100 
G 10160 


0.99 
0.95 
1.91 
0.99 
0.95 
1.90 
9.63 


50.0 
79.0 
97.4 
50.0 
78.8 
97.3 
56.3 


1.46 75.9 96.0 104.0 
1.48 118.6 106.0 99.0 
2.90 149.0 98.5 103.0 
1.46 75.9 94.0 103.7 
2.44 119.0 98.0 100.5 
2.90 149.0 98.0 101.4 


14.65 86.2 100.4 100.0 
~ 


n = 2. * Added one-half of tablet strength of each component to the tablets. 


Table 11-Content Uniformity of Seven Commercial Tablets 


Mean (CV,  %) Range 
Product Norethindrone, mg Mestranol, pg Norethindrone, mg Mestranol, pg 


A 1/50 
B 1/80 c 21100 
D 1/50 
E 1/80 
F 21100 
G 10160 


1.02 (1.2) 
1.01 (2.4) 
1.85 (1.4) 
0.96 (2.0) 
0.94 (2.6) 
1.96 (2.0) 
9.56 (0.9) 


50.0 (2.5) 
77.2 (2.8) 
95.5 (1.8) 
49.2 (2.2) 
78.6 (2.2) 
99.1 (1.8) 
56.3 (1.0) 


0.99-1.03 
0.97-1.04 
1.80-1.88 
0.94-0.99 
0.92-1.00 
1.91-2.02 
9.42-9.65 


47.4-51.8 


92.6-97.2 


74.6-80.1 
97.6-101.8 


72.9-80.9 


47.0-50.1 


55.1-57.0 


T 
Figure 1-Chromatogram ob- 
tained from HPLC assay of Prod- 
uct F. Column effluent was moni- 
tored for mestranol (M) using a 
fluorescence detector (1.0 pA 
range sensitioity) and for internal 
standard (I)  and norethindrone 
( N )  using an absorbance detector 
(0.05 aufs). 


MINUTES 


RESULTS AND DISCUSSION 


The simultaneous analysis of combination drug products that contain 
widely different amounts of active components presents unique problems. 
All of the components of the drug product must be extracted quantita- 
tively, and the detection techniques must give adequate sensitivity for 
even the lowest level component. 


In norethindrone-mestranol tablets, the components are present in 
ratios from 121 to 1601. Since the solubilities of both components were 
high in chloroform, this solvent was used for the extraction. The key to 
resolving the problem of adequate sensitivity for mestranol, the low level 
component, was the observation that estrogens possess native fluores- 
cence (15) whereas norethindrone does not fluoresce (4). Thus, it seemed 
plausible to develop an HPLC method that employed a fluorescence 
detector and an absorbance detector to monitor the column effluent. 
Initial studies showed that excellent resolution of the tablet components 
could be obtained using a microparticulate silica column. 


A chromatogram obtained in the analysis of Product F is shown in Fig. 
1. By using two detectors, it was possible to optimize the response for each 
steroid component. The retention times for mestranol, progesterone (the 
internal standard), and norethindrone were 4.0, 5.6, and 8.8 min, re- 
spectively. 


Initial studies indicated that drug adsorption onto the glassware was 
occurring. To overcome this problem, all glassware was silanized before 
use. 


A standard linear calibration curve was obtained for direct standard 
solutions equivalent to 30-100 pg of mestranolltablet and 0.5-10 mg of 
norethindroneltablet. These ranges span those found in all commercially 
available tablets. The recovery studies were performed on spiked samples 
of seven drug products. The results (Table I) show excellent recovery in 
all cases. No interferences from any tablet excipient were observed in the 
resulting chromatograms. Precision was determined by multiple analyses 
of aliquots of a Product F composite. The means and coefficients of 
variation for the assay of mestranol and norethindrone were 101 pg f 1.8% 
and 1.94 mg f 2.0%, respectively. These results demonstrate excellent 
assay precision. An additional estimate of the precision was obtained by 
the evaluation of multiple direct standard curves. The values for the 
slopes were 0.0140 f 1.6% (coefficient of variation) for mestranol and 
0.5543 f 1.25% for norethindrone. 


The USP XX specified that coated tablets and tablets containing 50 
mg or less of active ingredient must pass a content uniformity test. The 
newly developed HPLC assay was used in content uniformity studies of 
the same seven products examined in the recovery studies. The results 
established that the batches of the seven formulations met the com- 
pendial requirements (Table 11). The methodology will be modified and 
used in planned dissolution studies. 
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~ 


Abstract The optical crystallographic properties of the diliturate 
derivatives of amine drugs found in illicit street drug preparations known 
as "white crosses," "mini-bennies," or "whites" were determined. The 
crystallographic properties, especially the crystal morphology, extinction 
angles, and indexes of refraction, identify the drug substances found in 
the white cross suite. These data can be used with UV and IR spectro- 
scopic and chromatographic evaluations for drug identification. 


Keyphrases Drugs of abuse-substance identification by optical 
crystallographic properties of diliturate derivatives of amine drugs 0 
Optical crystallography-substance identification of diliturate deriva- 
tives of amine drugs Amphetamines-drugs of abuse, identification 
of drug substance by optical crystallographic properties 


Optical chemical crystallography is a physical method 
for rapid drug identification (1-3). Microchemical prop- 
erties of amine drug salts have been determined with 
various reagents (41, but few studies (5,6) concentrated on 
the optical crystallographic properties. 


The present study reports the optical crystallographic 
data and constants for the diliturate derivatives of amine 
drugs found in illicit street drug preparations entitled 
"white crosses" or "mini-bennies." These preparations are 
so termed because of the physical shape of the small, white, 


cross-scored tablets purported to contain 2-8 mg of d- 
methamphetamine (7,s). However, other drugs have been 
freely substituted for dextroamphetamine in these street 
preparations since the 1970 Drug Enforcement Adminis- 
tration Controlled Substances Act made the amphet- 
amines difficult to  procure for the street market (8). 


EXPERIMENTAL 


Materials-The drugs used to prepare the diliturate derivatives were 
obtained from pharmaceutical manufacturers and chemical supply 


Table I-Optical Properties of Drug Diliturates 


2V by 
Derivative" sys- Optical Refractive Indexes Nomogram' Elon- Extinction 
(Optic Sign) tem Orientation LY P Y Method gation Habit Angle 


~~ 


dl-Amphetamine (-) 
Dextroamphetamine (-) 
dl-Chlorpheniramine (-) 
Diphenhydramine (-) 
I-E hedrine (-) 
dl -E phedrine (-) 
Mephentermine (-) 
dl-Methamphetamine (-1 
d-Methamphetamine (-) 
Methapyrilene (-) 
Papaverine (-1 
Phentermine (-) 
Phenylephrine (-) 
dl- Phenylpropanolamine 


O Obtuse 
0 obtuse 
M Inclined obtuse 
M Inclined acute 
0 Optic normal 
T Inclined optic axis 
M Inclined optic normal 
M Inclined obtuse 
M Acute 
M Inclined obtuse 
T Inclined oDtic normal 
0 Obtuse 
T Inclined obtuse 
0 Obtuse 


1.470 
1.471 
1.512 
1.582 
1.544 
1.537 
1.488 
1.482 
1.545 
1.548 
1.493 
1.495 
1.520 
1.461 


1.645 1.698 53" (*) Acicular 
1.653 1.704 52' (h) Tabular 
1.682 1.732 52" (h) Lamellar 


(+) Tabular 1.608 1.624 75" 
1.619 1.655 66' (-) Lamellar 
1.662 1.731 67" ( z k )  Tabular 


(-) Acicular 1.659 1.688 40" 
(-) Acicular 1.654 1.656 8' 


1.648 1.705 70" (*) Tabular 
(h) Lamellar 1.689 1.723 48' 


1.742 1.785 41' (+) Prismatic 
1.665 1.688 36" (-) Acicular 
1.664 1.752 70" (*) Prismatic 
1.678 1.708 36' (-) Lath 


Parallel 
Parallel 
15" 
42' 
Parallel 
38" 
27" 
24" 
33" 
33" 
27" 
Parallel 
42' 
Parallel 


(lath) (:) ~ 


(lam) (-) 
dl- Phenylpropanolamine 0 Obtuse 1.471 1.663 1.685 34" (-) Lamellar Parallel 


Propoxyphene (-) 
Pseudoephedrine (-) 0 Optic normal 1.520 1.622 1.640 36' (+) Prismatic Parallel 
Dilituric acid (-) M Inclined obtuse 1.388 1.684 >1.785 50"est. (-) Tabular 9" 


M Inclined obtuse 1.495 1.618 1.658 55" ( z k )  Acicular 15" 


0 The authors acknowledge supplies of dl-chlorpheniramine (Chlortrimeton, Schering), mephentermine (Wyamine, Wyeth), methapyrilene,(Histadyl, Lilly), phentermine 
(Ionamine, Penwalt), pro oxyphene (Darvon, Lilly), and pseudoephedrine (Sudafed, Burroughs Wellcome) and express their appreciatlon to the manufacturers who 
supplied the amine salts. 0 = orthorhombic, M = monoclinic, and T = triclinic. Determined by the method of Hartshorne and Stuart (11). 
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Figure 5-Relationship of bulk and drop densities to logarithm of roller 
pressure. Key: 0, calcium carbonate; 0, magnesium carbonate; -, bulk 
density; and - - -, drop density. 


crushing loads for lactose and dibasic calcium phosphate dihydrate were 
similar, the magnitude did not differ markedly from that of the materials. 
Thus, no correlation is apparent between the size of the material passed 
through the oscillating granulator and the crushing load of the compacted 
granules. In pharmaceutical processes, a property of a material is often 
influenced by the physicochemical nature of the material in addition to 
the process itself. Even more emphatically than the variation of the 
particle-size distribution, the effect of the nature of the material is 
demonstrated by phenacetin, which did not compact in the pressure range 
of 50-140 kg/cm2. 


As shown in Table 111, the bulk density of the compacted granules was 
double to triple that of the bulk density of the powder for calcium car- 


bonate, magnesium carbonate, and sulfadiazine. For acetaminophen, 
aminobenzoic acid, dibasic calcium phosphate dihydrate, and sulfisox- 
azole, the bulk density of the compacted granules was increased -50% 
more than that of the bulk powder. Essentially the same relationship was 
demonstrated between the drop density of the compacted granules and 
that of the powder. 


The primary effect of compaction was to increase the bulk density; little 
or no effect was shown on flowability. A decrease in the repose angle is 
intuitively associated with improved flowability. Although the repose 
angle for six materials was less after the materials were compacted, the 
compacted granules still possessed poor mobility. Only magnesium car- 
bonate and sulfadiazine were discharged from the flowmeter, and their 
flow was a pulsating one. The repose angle increased for dibasic calcium 
phosphate dihydrate and hydrous lactose. For the hydrous lactose and 
granular dicalcium phosphate’, which were marketed as readily flowable 
materials, the flow rate decreased from 44.6 and 66.8 g/sec, respectively, 
to a blockage in the flowmeter, indicating that compaction had destroyed 
the desired flowability. 


Calcium carbonate and magnesium carbonate were selected to study 
the influence of compaction pressure on bulk density, because they had 
the smallest median diameters and lowest bulk densities. The bulk and 
drop densities of these materials compacted at  five pressures are given 
in Table IV; clearly, the density increased as the compaction pressure 
increased. As shown in Fig. 5, there was a linear relationship between the 
bulk and drop density and the logarithm of compaction pressure. 
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Abstract High-pressure liquid chromatographic procedures were 
developed for the determination of chlorothiazide and hydrochlorothi- 
azide in plasma and urine. The plasma assay incorporates a preextraction 
procedure that eliminates interference by endogenous substances. 
Chromatography is carried out on an octadecyl reversed-phase column. 
Mobile phases are 15% methanol in 0.01 M acetic acid for plasma and 4% 
acetonitrile in 0.01 M sodium perchlorate, adjusted to pH 4.6, for urine. 
At a flow rate of 2.5 ml/min, the retention times for chlorothiazide and 
hydrochlorothiazide are 3.5 and 4.6 min for plasma and 10.5 and 13.5 min 
for urine, respectively. Preliminary results of a clinical study in fasting 
male volunteers showed that the plasma levels and urinary excretion rate 
of chlorothiazide peaked a t  1-2 hr following a 500-mg oral dose and 


subsequently declined irregularly. On the other hand, the plasma levels 
and urinary excretion rate of hydrochlorothiazide peaked at 2-3 hr fol- 
lowing a 50-mg oral dose and subsequently declined in biphasic fashion. 
Urinary excretion rates of both chlorothiazide and hydrochlorothiazide 
closely resemble their concentration profiles in plasma. 


Keyphrases 0 Chlorothiazide-simultaneous high-pressure liquid 
chromatographic determinations with hydrochlorothiazide, plasma and 
urine Hydrochlorothiazide-simultaneous high-pressure liquid 
chromatographic determinations with chlorothiazide, plasma and urine 
0 High-pressure liquid chromatography-simultaneous determinations 
of chlorothiazide and hydrochlorothiazide, plasma and urine 


Chlorothiazide and hydrochlorothiazide, two thiazide 
diuretics, are used commonly for treatment of hyperten- 
sion, congestive heart failure, and other edematous con- 


ditions. The spectrophotometric methods originally used 
to measure these compounds in urine (1-4) are based on 
derivatizations involving the Bratton-Marshall reaction 
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MINUTES AFTER INJECTION 
Figure 1-Chromatograms from urine containing no drugs (A) and 
urine containing 15 pg of Ilml (a in B) and 18 pg of Illml (b in  B). 


and suffer from interference by endogenous urinary con- 
stituents (5,6); TLC with direct fluorometric detection (7) 
and GLC procedures (8-10) are time consuming. The GLC 
procedures also involve complex extraction procedures and 
derivatization. 


High-pressure liquid chromatographic (HPLC) assays 
were recently introduced for hydrochlorothiazide (1 1-13) 
and chlorothiazide (14). One method requires gel filtration 
to remove plasma components (ll), while another uses no 
internal standard and requires injection of a sodium hy- 
droxide solution into the liquid chromatograph, which can 
reduce the column life (12). None of the methods used the 
Amax of 228 nm for plasma chlorothiazide and hydrochlo- 
rothiazide estimations, possibly because of interference 
by endogenous substances; therefore, maximum assay 
sensitivity has not been achieved. This limitation is par- 
ticularly important for plasma where thiazide concentra- 
tions are low. 


New rapid and sensitive assays for chlorothiazide and 
hydrochlorothiazide in plasma and urine, together with 
preliminary plasma level and urinary excretion data for 
these compounds in human volunteers, are reported in this 
paper. 


EXPERIMENTAL 


Extraction from Urine-To 1 ml of urine were added 60 p1 of a 
300-pg/ml aqueous solution of chlorothiazide or hydrochlorothiazide, 
each compound acting as the internal standard for the other, 1.5 ml of 
0.01 Mpcetate buffer (pH 5.01, and 10 ml of ethyl acetate. After shaking 
for 10 rnin and centrifugation at 3000Xg for 3 min, 8 ml of ethyl acetate 
was transferred to a clean tube and evaporated to dryness under nitrogen 
at  room temperature. The residue was reconstituted in 75 p1 of methanol 
by vortexing, and 20 pl was injected into the chromatograph. 


Extraction from Plasma-To 2 ml of plasma were added 100 pl of 
a 40-pglml aqueous solution of the internal standard hydroflumethiazide 
and 4 ml of toluene. After shaking for 10 min and centrifugation for 3 min, 
the toluene layer was aspirated and discarded. To the remaining solution 


Table I-Day-to-Day Reproducibility of the Assay for 
Chlorothiazide and Hvdrochlorothiazide in  Urine 


Concentration Found, 
in Urine, pg/ml flglml Recovery, % CV, % 


2 
5 


10 
20 
50 


100 


20.2 101 6.2 
51.2 102 4.7 


102.3 102 6.3 
Hydrochlorothiazide 


2 2.01 101 5.9 
5 4.95 99 9.1 


10 9.7 97 4.3 
20 
50 


19.0 
51.8 


95 5.5 
104 8.4 _. ~. ~ 


100 100.5 101 6.5 


0 n = 10 for all concentrations. 


were added 0.5 ml of 0.01 M acetate buffer {pH 3.8) and 5 ml of ethyl 
acetate. After shaking for 10 min and centrifugation for 3 min, 3.5-4.0 
ml of ethyl acetate was transferred to a clean tube, evaporated to dryness, 
and reconstituted in 75 pl of methanol; then 20 p1 was injected into the 
chromatograph. 


Chromatography-The HPLC system consisted of a solvent pump', 
a fixed-volume ( 2 0 4 )  sample injection valve2, a 10-pm particle size re- 
versed-phase octadecyl column3 (30 cm X 4 mm), and a variable-wave- 
length UV detector4 set a t  228 nm for plasma and at  278 nm for urine. 
All chromatograms were recorded at a chart speed of 10 cmhr. 


Mobile phases were 4% acetonitrile in 0.01 M sodium perchlorate, 
adjusted to pH 4.6 with 0.01 M perchloric acid for urine, and 15% meth- 
anol in 0.01 M acetic acid for plasma. The flow rate was 2.5 mllmin in both 
assays. Concentrations were determined by the method of peak height 
ratios. 


Clinical Study-Single doses of 500 mg of chl~rothiazide~ (I) and 50 
mg of hydrochlorothiazide6 (11) were administered to three healthy male 
volunteers7. Subjects fasted overnight before drug administration and 
continued fasting until 4 hr postdosing. All doses were administered at  
8 am; the tablets were swallowed whole with 240 ml of water. Blood 
samples (10 ml) were taken from a forearm vein into heparinized tubess 
immediately before dosing and serially through 48 or 34 hr postdosing 
for I or 11, respectively. Urines were collected quantitatively through 48 
or 60 hr postdosing for I or 11, respectively. The blood and urine collection 
times conformed to larger clinical protocols for both compounds7. Plasma 
and urine samples were stored at  - 2 O O  until they were assayed, usually 
within 1 week. 


Reagents-Human plasma for assay development and standardiza- 
tion was purchasedg. Human drug-free urine was obtained from male 
donors as required. Chlorothiazidelo (I), hydrochlorothiazide'O (II), and 
hydroflumethiazidel' (111) of reference standard quality and methanoP, 
acetonitrile12, acetic acid13, sodium perchlorate14, and perchloric acidl5 
of analytical grade quality were used as received. 


RESULTS AND DISCUSSION 


Assays-Both chlorothiazide (I) and hydrochlorothiazide (11) are 
excreted from the body extensively as unchanged drug in urine (14,15), 
and the urinary concentration of both compounds is higher than in 
plasma. Urine analysis requires specific methods to distinguish the 


1 Model 110, Altex Scientific, Berkeley, Calif. 
2 Model 210, Altex Scientific, Berkeley, Calif. 
3 MCH-10 Micropak, Varian Associates, Palo Alto, Calif. 
4 Hitachi model 100-10, Altex Scientific, Berkeley, Calif. 


Lot 559-197,250-mg tablets, Lederle, Pearl River, N.Y. 
6 Lot B 0686, Hydrodiuril, 50-mg tablets, Merck Sharp and Dohme, West Point, 


7 These dosages were part of more extensive bioavailability studies, which will 


8 Vacutainer, Becton-Dickinson, Rutherford, N.J. 
American Red Cross, Madison, Wis. 


lo Merck Sharp and Dohme, West Point, Pa. 
Bristol Laboratories, Syracuse, N.Y. 


l2 Burdick & Jackson, Muskegon, Mich. 
13 Allied Chemical Corp., Morristown, N.J. 
l4 Fisher Scientific Co., Fair Lawn, N.J. 
15 J. T. Baker Chemical Co., Phillipsburg, N.J. 


Pa. 


be reported separately. 
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MINUTES AFTER INJECTION 
Figure 2-Chromatograms from plasma containing no drugs and as- 
sayed without a toluene preextraction step. (A), plasma containing no 
drugs and assayed with a toluene preextraction step (B), plasma con- 
taining 400 ng of Illml (a in C) and 2 p g  of III/ml (b in C), and plasma 
containing 200 ng of Ilml (c in 0) and 2 pg of IWml (b in 0). 


thiazide from interfering substances (5, 6). In addition to specificity, 
plasma analysis requires high assay sensitivity to measure the low drug 
concentrations. The assays described here are specific and sensitive for 
I and I1 in human urine and plasma following single or repeated doses. 


Typical chromatograms obtained from blank urine and from urine 
containing I and I1 are shown in Fig. 1. Retention times for I and I1 from 
urine were 10.5 and 13.5 min, respectively, and the response was linear 
for both compounds in the range of 2-100 pg/ml, with a coefficient of 
variation of 4 0 % .  Standard curves obtained from repeated determina- 
tions were y = 0.040 + O.O598x, r = 0.999, n = 35, for I and y = 0.024 + 
0.0712x, r = 0.996, n = 35, for 11. The day-to-day reproducibility of the 
urine assays, determined on 10 occasions during 2 months, is shown in 
Table I. 


Typical chromatograms obtained from blank plasma, with and without 
toluene preextraction, and from plasma containing I, 11, and hydroflu- 


loo0F 


Table 11-Day-to-Day Reproducibility of the Assays for 
Chlorothiazide and Hydrochlorothiazide in Plasma * 


Concentration Found, 
in Plasma, ng/ml ng/ml Recovery, % CV, % 


10 
25 
50 


100 
500 
750 


Chlorothiazide 
99 5.8 


2::; 97 5.5 
49.0 98 6.0 
99.6 100 6.2 


508 102 5.7 
746 . 99 4.4 


Hydrochlorothiazide 
10 100 
20 :::: 96 


6.7 
6.7 


50 50.6 101 6.9 
100 99.0 99 6.2 
250 254 102 5.4 
500 498 100 4.2 
750 750 100 1.7 


a n = 10 for all concentrations. 


methiazide (III), are given in Fig. 2. Retention times for I, 11, and 111 from 
plasma were 3.5,4.6, and 6.0 min, respectively, and the response was linear 
for I and I1 concentrations of 10-750 nglml, with a coefficient of variation 
of <LO%. Standard curves obtained from repeated determinations were 
y=0.007+0.0032x,r=0.999,n=35,forIandy=0.023+0.004x,r= 
0.999, n = 35, for 11. The day-to-day reproducibility of the plasma assays 
determined on 10 occasions during 2 months is shown in Table 11. In the 
urine assays, I and I1 could be separated from each other by using 4% 
acetonitrile in 0.01 M sodium perchlorate (pH 4.6) as the mobile phase. 
Therefore, they were used as internal standards for each other. Inter- 
ference by endogenous substances was not a major problem with the urine 
assays, and clear chromatograms were obtained with the detector set a t  
278 nm. 


The low levels of I and I1 that occur in plasma compared to urine re- 
quired some procedural modifications to obtain the required assay sen- 
sitivity and selectivity. A toluene preextraction step removed interfering 
peaks due to endogenous plasma componenta but did not remove 1-111, 
which are sparingly soluble in toluene. Assay sensitivity was improved 
further by setting the detector a t  228 nm, the A,, for both I and 11, and 
also by using methanol-acetic acid as the mobile phase. Both I and I1 
absorb UV light a t  228 nm to a greater extent in this solvent than in ac- 
etonitrile-sodium perchlorate. Effective separation of I and I1 could not 
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Figure 3-Plasma levels (@) and urinary excretion rates (0) for I in three subjects following a single 500-mg oral dose. 
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Figure 4-Plasma levels (0)  and urinary excretion rates (0) for II in three subjects following a single 50-mg oral dose. 


be achieved using methanol-acetic acid, but both compounds did separate 
from 111. Therefore, 111 was used as the internal standard in the assays 
for I and I1 in plasma. 


Clinical Studies-Individual plasma levels of I and 11, each drug being 
administered to three subjects, are shown in Figs. 3 and 4, respec- 
tively. 


The I profiles were similar in the three individuals. Peak plasma I levels 
of 420-850 ng/ml were achieved 1-2 hr following a single 500-mg dose. 
Drug levels then declined rapidly until 8-12 hr postdosing, at which time 
they became irregular, exhibiting a saw-toothed effect in two subjects 
while declining to lower levels in the other subject. 


The I1 profiles were also similar in the three individuals but quite 
different from the plasma profiles obtained with I. Peak plasma I1 levels 
of 450-550 ng/ml were achieved 2-3 hr following a single 50-mg dose. Drug 
levels then declined rapidly until 10-12 hr postdosing and continued to 
decline at a slower monoexponential rate. The terminal plasma half-lives, 
which were measurable for 11, were 8.4, 8.9, and 11.9 hr in the three 
subjects. 


While the reason for the different behavior of I and I1 in human plasma 
is not known, the types of profiles reported here have been observed 
routinely in subjects receiving these drugs in this laboratoryl6 and have 
been reported by others. The rapid initial loss of orally dosed I from 
plasma followed by variable drug levels was reported recently (14), while 
biphasic elimination of plasma I1 with an apparently prolonged drug 
distribution phase was reported at dose levels similar to those used in this 
study (15). 


The cumulative 48-hr urinary recovery of I accounted for only 10.4, 
19.0, and 13.9% of the dose in the three subjects, while 87.8, 79.3, and 
74.4% of I1 were recovered in 60-hr urine. High urinary recovery of I1 and 
low recovery of I also are consistent with previous observations (14, 
15). 


To compare the kinetics of urinary recovery with the rate of drug loss 
fromplasma, the individual urinary excretion rates of both compounds 
were calculated at the midpoint of each urine collection interval; the 
values were plotted on a semilogarithmic scale along with the plasma drug 
profiles in Figs. 3 and 4. 


Comparison of the data indicates similarity in the individual plasma 
levels and urinary excretion rates for both I and 11. Details of plasma levels 
and urinary excretion of these two compounds in a larger number of 
subjects will be reported in detail, together with pharmacokinetic anal- 
ysis. However, these preliminary observations are of interest in view of 
the limited pharmacokinetic information available for the thiazide di- 
uretics and their identification as compounds with actual or potential 


~ ~~~~ 


l6 R. H. Barbhaiya and P. G. Welling, unpublished data. 
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bioequivalence problems (16). These results are important also in view 
of the nonproportionality that has been reported between urinary re- 
covery of I and the administered dose (14,17) and the good correlations 
reported between dose size and resulting plasma I1 levels (15). There is 
clearly a high correlation between plasma levels and urinary excretion 
kinetics of both I and 11, and these relationships are being examined 
further a t  different dose levels. 


The methods described here are sufficiently sensitive to detect plasma 
levels of I for 48 hr and I1 for 34 hr and to measure urinary excretion of 
both compounds for 48-60 hr after oral doses of 500 and 50 mg of I and 
11, respectively. The procedure for plasma has marked advantages over 
previous methods (11-13) in both sensitivity and specificity. Degradation 
of 11, which may occur in other procedures (12, 13) where sodium hy- 
droxide solutions are used for back-extraction or reconstitution, is 
avoided by eliminating the use of alkaline solutions. Although the pro- 
cedures are different in urine and plasma, the use of identical extraction 
and chromatographic conditions for both compounds in plasma and urine 
makes the methods simple, accurate, and convenient for pharmacokinetic 
studies. 
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Abstract 0 The urinary excretion and blood level kinetics of p -  
methylbenzoylformic acid (I) after intravenous infusion for 1 hr were 
studied in rats. The determined fist-order half-lives were compared with 
those determined in studies in which a single intravenous dose of I was 
administered rapidly to rats that previously were infused with normal 
saline for 1 hr. While the blood tl/z or body clearance of I determined in 
the 1-hr infusion studies was similar to that determined in the single 
intravenous dose studies, the urinary t1/2 of I determined in the 1-hr 
infusion studies was significantly greater than that determined in the 
single intravenous dose studies. In infusion studies where the half-lives 
of I were determined in the presence of renal tubular secretion inhibitor, 
DL-tropic acid (II), the ratio of (urinary tl/z)II presenJ(urinary tl/z)rI absent 
was almost twice the ratio of (blood t1/2)11 presenJ(blood tl/z)II absent. The 
urinary t1 /2 value of I determined after infusion for only 10 min was in- 
termediate between values obtained in the single intravenous dose studies 
and the 1-hr infusion studies. These data provide pharmazokinetic evi- 
dence to support the hypothesis that I and other organic anions tempo- 
rarily accumulate in the surface-lying renal tubular cells after a single 
intravenous dose, but they tend to penetrate into the deeper renal tubular 
cells upon intravenous infusion, with depth of penetration increasing with 
increasing infusion time. 


Keyphrases 0 Renal accumulation-p-methylbenzoylformic acid, 
pharmacokinetics, rats p-Methylbenzoylformic acid-model organic 
compound used for determination of renal accumulation, pharmacoki- 
netics Pharmacokinetics-renal accumulation of model organic anions, 
rats 


Recent studies (1) in rats showed that the biological 
half-lives of mandelic acid, benzoylformic acid, and several 
of their para-alkylated homologs, including p-methyl- 
benzoylformic acid (I), determined from urinary excretion 
data are longer than those determined from blood level 
data following a single intravenous dose. In the presence 
of a simultaneously administered intravenous dose of 
DL-tropic acidlII), a competitive inhibitor of renal tubular 
secretion of these compounds, the urinary half-lives were 
disproportionately longer than the blood half-lives. The 
ratios of (urinary t1/2/blood t l l 2 )  determined for these 
compounds in the presence of II were greater than such 
ratios determined in the absence of 11. The longer urinary 
half-lives were attributed to the retention or detention of 
these compounds in the renal tubular membranes during 
secretion. 


BACKGROUND 
Several reports (2-4) indicated that cellular trapping of organic anions, 


such as p-aminohippurate and phenolsulfonphthalein, occurs during 
their renal tubular secretion in mammals. Recent in uitro rat kidney slice 


uptake studies (4,5) showed that p-aminohippurate accumulates mainly 
in the proximal renal tubules, and the volume of renal tubules that absorb 
the compound increases with incubation time and its concentration in 
the medium. Also, in the presence of renal tubular secretion inhibitors, 
a redistribution of accumulation of p-aminohippurate occurred and 
further uptake took place in the deeper proximal renal tubules (6). 


The purpose of this study was to obtain pharmacokinetic evidence in 
support of the proposed hypotheses concerning the retention/detention 
and distribution of organic anions in the renal tubules by studying blood 
level kinetics and urinary excretion kinetics of I in rats after intravenous 
infusion for 1 hr, both in the absence and presence of 11. Therefore, the 
specific objectives of the study were to demonstrate that: 


1. The (urinary tl/z)infueion of I determined in the infusion study is 
longer than its (urinary t 1 / ~ ) ~ i ~ ~ l ~  iv dose determined in the single intra- 
venous dose study. 


2. The (blood tl/z)infusion of I is similar to its (blood tl/2)aingle iv dose. 
3. The ratio of (urinary tl/Alood tl/2)infusion of I obtained in the 


presence of I1 is greater than that obtained in the absence of 11. 
4. The urinary t l l z  determined after infusing I for 1 hr is longer than 


that determined after infusing it for 10 min. 
Compound I (pKa 3.3) was used as a model organic anion because it 


is neither metabolized, bound to plasma proteins, nor reabsorbed from 
the renal tubules of rats (I). Furthermore, the entire administered dose 
of I is eliminated renally (which includes renal tubular secretion), and 
it follows one-compartment open model kinetics (1). 


EXPERIMENTAL 


Materials-p -Methylbenzoylformic acid, mp 97-99", was synthesized 
by the method of Kindler et al. (7). DL-Tropic acid', mp 116-118', and 
pentobarbital sodium2 (USP grade) were also used. 


Apparatus and Analytical Procedure-The GLC3 procedures used 
for the quantitative determination of I in rat urine and blood were es- 
sentially the same as described previously (1,8). 


Surgical Preparation of RatsSprague-Dawley male rats, 170-230 
g (a majority weighed -200 g), were used in the blood level kinetic studies 
and urinary excretion kinetic studies. Food, but not water, was withheld 
from the rats 12-14 hr prior to the study and during it. Each rat was 
prepared surgically for infusion of the isotonic solution of I (1.75 mg/ml), 
with or without 11, via a femoral vein. 


A rat was anesthetized with pentobarbital sodium (40 mg/kg ip) and 
placed on an animal board. A small amount of ether was used to anes- 
thetize the rats completely. The limbs were tied to the animal board, and 
hair between the left leg and abdomen was shaved off with an electric 
clipper; the shaved part was cleaned with 70% (v/v) ethanol. The skin 
between the left leg and the midline was cut open to expose a femoral vein, 
which was isolated from the femoral artery and femoral nerve. The 
femoral vein was cannulated with polyethylene tubing4 (0.028 cm i.d., 


1 Aldrich Chemical Co., Milwaukee, Wis. 
2 Merck & Co., Rahway, N.J. 
3 Hewlett-Packard model 5720A gas chromatograph. 
4 Intramedic (PE-lo), Clay Adams, Division of Becton-Dickenson Co., Parsip- 


pany, N.J. 
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Abstract  0 A common contaminant of illicit phencyclidine, l-piperi- 
dinocyclohexanecarbonitrile (I), is a very weak base compared to tertiary 
amines such as phencyclidine, 1-(cyclohexenyl)piperidine, and piperidine. 
Compound I and its hydrobromide salt can be selectively detected and 
quantitated in the presence of synthetic contaminants by nonaqueous 
titration with perchloric acid in acetonitrile. This method allows direct 
assay of I under conditions where decomposition is not observed. 


Keyphrases 0 Phencyclidine-analysis of l-piperidinocyclohexane- 
carbonitrile and its hydrobromide salt as synthetic contaminants 1- 
Piperidinocyclohexanecarbonitrile-nonaqueous titrimetric analysis 
as synthetic contaminant of phencyclidine Potentiometric titra- 
tion-analysis of 1-piperidinocyclohexanecarbonitrile and its hydro- 
bromide salt as synthetic contaminants of phencyclidine 


Phencyclidine, a widely abused illicit drug (l), is man- 
ufactured primarily in clandestine laboratories and is re- 
ported to be contaminated with the synthetic intermediate 
1-piperidinocyclohexanecarbonitrile (I) (2-7). The concern 
over the presence of I in illicit phencyclidine prompted the 
National Institute of Drug Abuse to make it available for 
pharmacological evaluation. 


Due to the reported instability of I (3,6-9), a convenient 
method for determining its purity is needed before carry- 
ing out pharmacological studies. This method also must 
be applicable to the assay of 1-HBr, which is the preferred 
form for use in pharmacological studies. Compound I is 
unstable during TLC (8-lo), GLC (3, 8-10), and mass 
spectrometry using electron-impact or chemical-ionization 
procedures (9). In addition, it does not possess a distinctive 
UV spectrum (10). Therefore, a volumetric method using 
nonaqueous titration was developed to determine the 
purity of I and its hydrobromide salt. 


EXPERIMENTAL 


Apparatus and Materials-A suitable recording pH meter' equipped 
with a combination electrode* and coupled with a constant-volume sy- 
ringe pump? (50-ml capacity) was used. All solvents and reagents were 
analytical reagent grade. Compound I was synthesized by the method 
of Kalir e t  al. (11) and converted to the hydrobromide salt by dissolving 
it in acetone followed by the slow addition of 30% HBr in acetic acid until 
a pH of -2 was reached. The salt was recrystallized in chloroform-an- 
hydrous ethanol (3:l) brought to the cloud point with anhydrous ether, 
mp 260-270" dec. 


Solutions-The following reagents were used: 0.1 N perchloric acid 
in acetic acid4, 0.1 N perchloric acid in dioxane, 6% (w/v) mercuric acetate 
in acetic acid, and 1% (w/v) methyl crystal violet in chlorobenzene. 


The perchloric acid in acetic acid solution was restandardized by po- 
tentiometric titration against potassium biphthalate in acetic acid to 
which 2.0 ml of 6% mercuric acetate solution was added. 


The perchloric acid in dioxane solution was standardized against po- 


~ 


Model EU-BOlV, Heath/Schlumberger Instruments, Benton Harbor, MI 


Sensorex, Westminster, CA 92683. 
Model 341, Orion Research, Cambridge, MA 02139. 
N/10, Fisher Scientific Co., Fair Lawn, NJ 07410. 


49022. 


tassium biphthalate in acetic acid. 
Determination of I or I*HBr by Direct Titration with 0.1 N Per- 


chloric Acid in Acetic Acid-An accurately weighed sample (90.0-120.0 
mg) was placed in a 50-ml beaker with 20 ml of acetic acid and 2 ml of 6% 
mercuric acetate solution. Dissolution of I and its hydrobromide salt was 
effected by continuous magnetic stirring for -10 min; occasionally, heat 
was applied to aid in solution. The solution, magnetically stirred, was 
titrated with standard 0.1 N perchloric acid in acetic acid. The end-point 
was determined from the inflection in the titration curve. When the 
methyl crystal violet test solution was included in the titration, appear- 
ance of the emerald-green color was found to coincide with the maximum 
change in the millivolt reading. 


Determination of I by Direct Titration with 0.1 N Perchloric Acid 
in Acetonitrile-An accurately weighed sample (90.0-120.0 mg) was 
placed in a 50-ml beaker with 20 ml of acetonitrile. The solution, mag- 
netically stirred, was titrated with the standard 0.1 N perchloric acid in 
dioxane. The end-point was determined from the inflection in the titra- 
tion curve. 


Determination of 1-HBr by Direct Titration with 0.1 NPerchloric 
Acid in Acetonitrile-An accurately weighed sample (90.0-120.0 mg) 
was placed in a 50-ml beaker with 20 ml of acetonitrile and 75 pl(0.54 
mmole) of triethylamine. The solution, magnetically stirred, was titrated 
with standard 0.1 N perchloric acid in dioxane. The end-point was de- 
termined from the inflection in the titration curve; I exhibited a 335-mv 
difference from the synthetic impurities, 1-(cyclohexeny1)piperidine (11) 
and piperidine (III), and triethylamine a t  half-neutralization. 


RESULTS AND DISCUSSION 


Due to the increased interest in I because of its presence in samples 
of illicit phencyclidine (2-7), it seemed important to study the metabolism 
of I in mammals. It was necessary to convert I to a salt form so that it 
would exhibit good solubility in blood and serum for the development 
of analytical procedures. In initial experiments, significant difficulties 
were encountered in extracting intact I from blood. When analyzing the 
stock solution of I.HBr (-10 mg/ml in normal saline), piperidine was 
detected by GLC. The instability of I has been documented extensively 
(3,6-9). Therefore, before continuing the study, it was necessary to de- 
velop a method to determine the purity of I and its hydrobromide salt. 


Potential contaminants expected to be present in the hydrobromide 
salt of I are the hydrobromide salts of I1 and 111. TLC was not suitable 
for detecting or quantitating these contaminants. Decomposition was 
minimized but not completely avoided using unactivated silica plates 
(8). During both GLC and mass spectrometry, the hydrobromide salt of 
I undergoes thermal decomposition to form I1 (2 ,8 ,9) ,  a potential syn- 
thetic contaminant. A method was needed that was simple and could be 
carried out easily in the laboratory. 


Titrimetry was the first choice since it is used frequently in the analysis 
of nitrogenous bases. Initially, aqueous titration of I.HBr using 0.1 N 
NaOH was attempted. Erratic results were obtained, depending on the 
quantity of 1-HBr analyzed (80-120 mg); however, with 100.0 mg 
(98.0-103.0 mg), the results were reproducible and indicated the purity 
to be 95.3 f 0.6% ( n  = 3). A slight break in the titration curve at pH 8.5 
was observed routinely. Since a precipitate was formed during the ti- 
tration, it was possible that it was affecting the final results. Therefore, 
methanol-water (1:l) was used as the solvent. Titration in this solvent 
mixture indicated that the same sample of 1-HBr was 73.7 f 1.2% pure 
( n  = 3) (Fig. 1). These observations indicated that I decomposed during 
titration to liberate another base that was capable of neutralizing the 
hydrobromide salt. 


A plausible mechanism for the decomposition of I by base is shown in 
Scheme I, in which 2 moles of base (cyanide and piperidine) are liberated 
by the decomposition of 1 mole of I. This scheme explains why aqueous 
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Figure 1-Titration of the hydrobromide of1  with 0.1 N NaOH in water 
(A) and in methanol-water (1:l) (B). 


titration of LHBr gave unrealistically low purity. In addition, since the 
contaminants of LHBr are of a lower molecular weight, a sample analyzed 
by aqueous titration possibly could appear to be of high purity but be 
badly contaminated due to a balance of decomposition products and 
intermediates I1 and 111. 


Since aqueous titration was unsuitable, a nonaqueous titration in acetic 
acid was evaluated. The assay gave reproducible results and indicated 
that the purity was 99.9 f 1.2% (n = 7). Due to the leveling effect of acetic 
acid (12), the potential contaminants cannot be differentiated by titra- 
tion. To determine the sensitivity of this technique, 1-HBr was contam- 
inated with 111-HBr a t  4.5 and 4.6% (w/w). Titration of these samples 
indicated a purity of 104 and 105%, respectively (theoretical purity of 
103.7%). The hydrobromide of I also was contaminated with a 65:35 
mixture of the hydrobromides of I1 and 111 a t  8.2,8.6, and 10.3% (w/w). 
Titration of these samples indicated a purity of 103.4,103.5, and 103.9%, 
respectively (theoretical purities of 103.0,103.1 and 103.7%). Nonaqueous 
titration of a sample of LHBr (mol. wt. 273.2), which was contaminated 
with only IIeHBr (mol. wt. 246.2) could not detect a 10% (w/w) contami- 
nation (theoretical purity of 101.1%). 


The nonaqueous potentiometric titration of I as the free base in ace- 
tonitrile (Fig. 2) indicated that I is a much weaker base than I1 and 111. 
It exhibited a 335-mv difference from 11,111, and triethylamine. 


Although I decomposes rapidly in aqueous solution, a rapid poten- 
tiometric titration of 1-HBr was performed in a methanol-water (1:l) 
solution with 0.1 N NaOH at 22’. The pKa obtained was 4.6. Under these 
conditions, phencyclidine hydrochloride precipitated from solution and 
no comparison was possible. Titration of bHBr and phencyclidine hy- 
drochloride was possible in ethylene glycol monomethyl ether-water (41), 
and the apparent pKa values were 3.3 and 8.3, respectively. It is apparent 
from these data that I is a much weaker base than most tertiary amines. 
This result was not unexpected since the pKa for N-cyanomethylmeth- 
ylaminomethane is 4.2 in water (13). 
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Figure 2-Nonaqueous potentiometric titration of I in acetonitrile with 
0.1 N perchloric acid in dioxane. Key: A, 11, I l l ,  or triethylamine; and 
B, I. 


Due to this difference in basicity and because I is unstable in aqueous 
solution, a specific nonaqueous potentiometric titration of the free base 
of I was developed. A closely related method allows analysis of LHBr. If 
one assumes that the mechanism of decomposition of I is as outlined in 
Scheme I, the addition of a slight excess of a sterically hindered base ( i . ~ . ,  
triethylamine) effectively transfers the hydrobromide to the stronger 
base, enabling direct titration of 1. This method was quite reproducible 
and indicated a purity of 98.4 f 0.4% (n = 6). This value is lower than that 
observed in the nonaqueous titration in acetic acid but is more reliable 
since I itself is being titrated and not the hydrobromide salt or acetate 
anion. 


The primary advantage of nonaqueous potentiometric titration is that 
it enables specific and quantitative analysis of I or any salt in the presence 
of a mixture of amines. Previous to the development of this method, direct 
analysis of I under conditions in which no decomposition to 11-IV could 
take place was not possible. This method has potential application for 
the quantitation of I present in illicit samples of phencyclidine to verify 
the results obtained using GLC, in which the thermal elimination prod- 
uct, 11, usually is analyzed. The presence of a weak acid is expected to 
interfere in this type of analysis. However, preliminary identification 
procedures (spot tests, TLC, and GLC-mass spectrometry) would indi- 
cate the presence of such a contaminant. 
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New Direct Calculation of 
K p 1  and Kp2 Complexation Constants Using 
Solubility Method 


Keyphrases 0 Complexation-calculation of complexation constants 
using solubility method, derivation of new equation Solubility-direct 
calculation of complexation constants using new equation Models, 
mathematical-equation for direct calculation of complexation constants 
using solubility method 


To the Editor: 


The solubility method is used frequently to determine 
the extent of molecular interactions between compounds. 
A detailed discussion of this method is available (1). In this 
method, a solution is maintained saturated with one 
component, S, and incremental amounts of a second 
complexing agent, L ,  are added. At equilibrium, the total 
S in solution is determined. If the complexes are soluble, 
an increase in the solubility of S is observed as a function 
of added L .  


If a 1:l complex is formed (Scheme I), complexation is 
represented by: 


S + L = S L  
Scheme I 


where [ST] is the total S concentration in the solution, SO 
is the original solubility of S, [SL] is the concentration of 
the 1:l complex, [L] is the concentration of the free com- 
plexing agent, [LT] is the total concentration of the com- 
plexing agent, and K1:l is the 1:l complexation constant. 
The complexation constant can be determined easily and 
accurately from Eq. 2. 


However, for a system in which both 1:l and 1:2 com- 
plexes are formed, the 1:l complex (Scheme I) is repre- 
sented by Eqs. 1 and 2 and the 1:2 complex (Scheme 11) is 
represented by: 


S + 2 L = S L : !  
Scheme II 


where K1:2 is the 1:2 complexation 


the concentration of the 1:2 complex. The mass balance 
equation for S becomes: 


[ST] = SO + [SL] + [SLZI (Eq. 4) 


The combination of Eqs. 1,3,  and 4 results in: 


[STI - so = Kl.lSO[LI + Kl2SO[L12 (Eq. 5)  


Since the exact amount of [L] in a system is not known, it 
has been recognized (1-5) that Eq. 5 cannot be used di- 
rectly to calculate KlZ1 and K1:2 unless a certain assump- 
tion is made. This assumption is that [L] = [LT] or that all 
of the complex is in the form of either SL or SL2. Then the 
data are manipulated using several approximations to 
arrive a t  the values of K1:l and K1:2. 


These assumptions are totally invalid if the SL and SL2 
concentrations are both very large. The purpose of this 
article is to derive an equation for calculating the two 
complexation constants directly and without assump- 
tions. 


Since: 


[LTI = [LI + [SLI + 2[SLzl (Eq. 6) 


the combination of Eqs. 4 and 6 results in: 


[LT] = [L] + [SL] + 2([sT] - SO - [ S L ] )  (Eq. 7) 


and: 


[LT] = 2[ST] - 2SO + [L] - [SL] (Eq. 8 )  


Substituting for [SL] in Eq. 8 using Eq. 1 gives: 


[LT] =  ST] - 2 s 0  + IL] - KI ISO[L] (Eq. 9) 


Rearranging Eq. 9 results in: 


(Eq. 10) 


Substituting this expression for [L] in Eq. 5 gives: 


Let: 


and: 
(Eq. 3) 


constant and [S&] is 
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Table 11-Effect of N-Chloroacetyl Derivatives of para-Substituted Phenylalanines on the Growth of L. casej. 


Concentration 


N-Chloroacetyl-p -chloro-DL-phenylalanine 3.62 


Na,NP- Di(chloroacety1)-p-amino-DL-phenylalanine 3.00 
N-Chloroacetyl-0 -methyl-L-tyrosine 3.68 
N-Chloroacetyl-p -bromo-DL-phenylalanine 3.12 
N-Chloroacetvl-p -iodo-DL-phenvlalanine 2.72 


N-Chloroacetyl-p -nitro-DL-phenylalanine 3.49 
5 
3 
6 
4 
2 


i-3 


19 42 
10 18 
13 21 
11 20 
25 56 
35 54 


For detaila of assay procedure, see Refs. 1 and 2. b Turbidity readings of the inoc 
in the assay system. 


crystallization. Since widely different inhibitory activities were observed, 
contaminants producing inhibition would have had to he present in the 
original compounds and retained during the preparative and purification 
procedures. This is clearly not the case since compounds that were not 
chloroacetylated did not inhibit. Therefore, it seems reasonable that the 
inhibitory activities are intrinsic properties of the newly synthesized 
compounds and are related principally to the chloroacetylation of the 
amino group and, secondarily, to the introduction of substituent groups 
into the aromatic ring of the amino acid. 


Table 111-Comparison of the Effect of Equimolar 
Concentrations of N-Chloroacetyl Derivatives of para- 
Substituted Phenylalanines on the Growth of L. casei* 


ComDound Inhibitionb. % 


N-Chloroacetyl-p -chloro-DL-phenylalanine 48 
N-Chloroacetyl-p-nitro-DL-phenylalanine 19 
Na,NP-Di( chloroacety1)-p -amino-DL-phenylalanine 22 
N-Chloroacetyl-0 -methyl-L-tyrosine 20 
N-Chloroacetyl-DL-phenylalanine 20 


N-Chloroacetyl-p -iodo-DL-phenylalanine 93 
p-Bromo-DL-phenylalanine t 3  
p-Chloro-DL-phenylalanineC 0 
p -1odo-DL-phenylalanine 0 


N-Chloroacetyl-p -bromo-DL-phenylalanine 86 


a Maximum rowth in inoculated control tubes (containing no test compound) 
was 186-196 Kfett units. Concentration wan 4.47 pmoleslml and was the final 
concentration of the assay system. Free amino acid. 


COMMUNICATIONS 


ulated control tubes (containing no test compounds) were 1&196. c Final concentration 


In studies of this nature, where empirical relationships of inhibitory 
capabilities are sought, there is little information regarding the mecha- 
nism of action. To study the mechanism of action, more sophisticated 
experiments are required. 


The activity of the N-benzoyl-p-bromo and N-benzoyl-p-iodophen- 
ylalanine is being studied and compared with the corresponding N- 
chloroacetyl compounds. 
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Nasal Absorption of Natural Contraceptive 
Steroids in Rats-Progesterone Absorption 


Keyphrases Progesterone-nasal absorption compared with that 
following intravenous and intraduodenal administration, rats 0 Ab- 
sorption, nasal-progesterone, compared with absorption following in- 
travenous and intraduodenal administration, rats 0 Contraceptives, 
natural-progesterone, nasal absorption compared with that following 
intravenous and intraduodenal administration, rats TLC-identifi- 
cation of unchanged progesterone following nasal administration to rats, 
compared with intravenous and intraduodenal administration 


To the Editor: 
Contraceptive natural steroids such as progesterone and 


estradiol are ineffective when given orally due to extensive 
metabolism in the GI tract during absorption and first- 
pass metabolism (1,2). Thus, highly potent and potentially 
harmful synthetic steroids are currently being used in oral 
dosage forms. 


To enhance progesterone bioavailability from nonpar- 
enteral routes, the nasal route was examined. Previous 
studies showed that propranolol is absorbed efficiently 
from the nasal mucosa of rats and dogs (3,4). Sprague- 
Dawley male rats, 300 g, were anesthetized with pento- 
barbital sodium (50 mgkg). For each dose and for each 
administration route, four to six rats were used. 


For nasal administration, three doses of 50,100, and 150 
pg of [4J4C]progesterone (8 pCi) in 0.1 ml of 1% polysor- 
bate 80-saline solution were administered to the nasal 
cavity of each rat by a micropipet according to the proce- 
dure described previously (3). For intravenous adminis- 
tration, the same doses were injected through the femoral 
vein. For intraduodenal administration, the abdomen was 
opened by a midline incision, and the 50-pg dose in 0.1 ml 
of 1% polysorbate 80-saline solution was injected directly 
through the duodenum. 


After administration, 0.2 ml of blood was sampled pe- 
riodically from the femoral aorta. The blood sample was 
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300i 


5000t 


50 100 150 
DOSE, pg/rat 


Figure 2-Relationship between dose and AUC after nasal (0) and 
intravenous (0) administration of progesterone. The square (0) rep- 
resents intraduodenal administration. The vertical bars represent 
standard error. 


0 i0 60 90 120 1 i o  
MINUTES 


Figure I-Mean blood progesterone levels after nasal (O), intravenous 
(O), and intraduodenal (0) administration of 50 pg of progesterone. 
The lines were drawn through the points, and the oertical bars represent 
standard error. 


shaken with 5 ml of ether, and the ether layer was evapo- 
rated to dryness. The residue then was dissolved in 50 p1 
of toluene, and 40 pl was spotted on TLC plates and de- 
veloped using toluene-ethanol (91 v/v). The spot that 
corresponded to unchanged progesterone then was scraped 
off the plate, and the powder was suspended in scintillation 
cocktail for a radioactivity count. The developing solvent 
system separated the unchanged progesterone from its 
metabolites. 


Figure 1 shows the mean blood progesterone levels for 
the three administration routes at the 50-pg dose. The 


Table I-Area under the Curves after Intravenous, Nasal, and 
Intraduodenal Administration of Progesterone in Rats 


Intra- 


Dose, Intra- Intra- Intra- Intra- 
pg/rat venous Nasal duodenal venous venous 


Nasal duodenal - _ _ _ _  ACJC,”, (ng min)/ml 


50 1612.2O 1659.0 19.0 1.029 0.012 
f80.8 f109.2 f4 .6  


100 3520.0 3599.0 - 1.022 - 
f491.0 f621.4 


f466.4 f188.5 
150 4480.2 4798.9 - 1.071 - 


Mean f S E  (n  = 4-6). 


blood drug levels after nasal administration increased 
rapidly and attained the peak level within 6 min, whereas 
the intraduodenal administration resulted in considerably 
lower blood levels. 


Table I and Fig. 2 summarize the area under the blood 
drug level curve (AUC) for the three administration routes 
at various doses. The AUC was directly proportional to the 
dose administered nasally and intravenously. The nasal 
bioavailability calculated from the ratio of the AUC 
[(nasalhntravenous) X 1001 was 100% at the different 
doses; the intraduodenal bioavailability was only 1.2% that 
of the intravenous bioavailability at  the dose studied. 


These results indicate that the natural contraceptive 
steroid, progesterone, is absorbed rapidly from the nasal 
mucosa into systemic blood without first-pass metabolism 
and that nasal administration of progesterone is superior 
to the intraduodenal route. 
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BOOKS 


REVIEWS 


Drug Design. Vol. IX. Edited by E. J. ARIENS. Academic, 111 Fifth 
Ave., New York, NY 10003.1980.355 pp. 15 X 23 cm. Price $39.50. 
This book is the ninth in the Drug Design series dating back to 1971. 


This seven-chapter volume emphasizes quantitative methods of struc- 
ture-activity relationships (SARI and drug design. 


The first chapter by Ariens deals with toxicity considerations on de- 
signing candidate molecules with expected biological activity. The pro- 
cesses leading to toxicity are discussed with consideration of SAR. 
Chapter 2 covers a wide variety of subjects generally centering around 
physicochemical properties and their relation to biological activity. Some 
interesting aspects of property-activity relationships are raised, but too 
great a variety of subjects is covered with the sacrifice of much depth. 


Chapter 3 describes recent contributions to orally active prodrugs 
based on physical-chemical properties. The authors, Yalkowsky and 
Morozowich, develop these factors systematically and present recent work 
from their laboratory. Chapter 4, authored by Mager, describes the 
MASCA model in the first of a two-part presentation. The second part 
will appear in Volume X. Considerable space is devoted to a development 
of the mathematics involved with only limited illustration of its appli- 
cation. The two chapters are clearly interdependent and perhaps should 
have appeared in the same volume. 


Chapter 5, by deBlaey and Polderman, is a good description of the 
design of rectal and vaginal drug delivery forms. In Chapter 6, Meyer 
reviews interactive graphics, touching on hardware and software data 
banks with some applications. The last chapter, by Golender and Ro- 
zenblit, discusses the logico-structural approach to drug design. The 
chapter develops the analytical method in a clear and useful manner. 


The book will be of particular interest to medicinal chemists engaged 
in drug design using theoretical methods to analyze and predict ac- 
tivity. 


Revietued by Lemont B. Kier 
Department of Pharmaceutical 


School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, VA 23298 


Chemistry 


Official Methods of Analysis of the AOAC, 13th ed. Edited by WIL- 
LIAM HORWITZ. The Association of Official Analytical Chemists, 
1111 N. 19th St., Arlington, VA 22209.1980.1038 pp. 22 X 28 cm. 2.4 
kg. Price $78.00. 
This, the latest, largest, and most weighty of “Methods,” received about 


175 new methods and lost 83 during the current 5 years between editions. 
Page size was increased to maintain the book as a single volume in the 
interest of convenience and cost. Methods employing GLC now are more 
numerous than spectrophotometric methods. HPLC makes its first ap- 
pearance in this edition. 


“Methods of Analysis” is a compendium of quantitative and qualitative 
analytical methods and other procedures used by regulatory agencies in 
monitoring regulated industries. The methods also are specified in certain 
government purchase orders. “Methods” has a worldwide distribu- 
tion. 


These methods were tested by collaborative assays and found to satisfy 
the criteria set by the subcommittee having jurisdiction. In theory, the 
methods are precise and accurate referee methods suitable for resolving 
differences of opinion. In practice, the methods are a mixture of the tried 
and true, recent innovations, the obsolete but barely adequate, the 
worthless, and methods to be used only when conditions beyond the 
control of the analyst require them. Nonetheless, the book belongs in the 


library of any analyst who must do official assays; assays agricultural 
products, determines efficacy of disinfectants; assays pesticide formu- 
lations, foods, food additives, cosmetics, drugs, drugs in animal feeds, 
vitamins, and amino acids; looks for filth in foods and for microbial 
contaminants in raw and processed foods; or needs to develop latent 
fingerprints and make voice print identifications. There is something for 
everyone from the agricultural chemist to the budding Sherlock 
Holmes. 


When the first edition of “Methods” was published in 1920, the editors 
could make the valid assumption that it would be used by trained and 
experienced analysts. Today, that assumption can no longer be made, 
and presentation of procedures should be modified accordingly. Many 
people in certain fields are not trained in analytical techniques. Although 
the editors can do nothing about this misapplication of people, they could 
provide tutorial material to teach basic techniques. One of the first skills 
to be taught should be how to select and use volumetric pipets and flasks. 
This gives an idea of the extent of the needs. 


Of particular interest to pharmaceutical scientists are the chapters on 
disinfectants, flavors, food additives, metals, and other elements as 
residues in foods, sugars and syrups, color additives, cosmetics, drugs (five 
chapters), and vitamins and other nutrients. 


“Methods” grows with each edition. Vigorous steps need to be taken 
to keep its size within reasonable limits for a one-volume book and to 
control its cost. The 68 pages of tables a t  the back of the book probably 
could be put on one or two pages as comments and as equations suitable 
for solution by the ubiquitous digital calculators. Space could be saved 
by presenting general procedures once and, thereafter, giving only de- 
viations under the specific assay. More information could be placed in 
tables, and needless instructions could be omitted. 


Equations for the wet chemistries would help the analyst understand 
what he or she is doing. Not everyone who uses “Methods” has a complete 
file of the Journal of the Association of Official Analytical Chemists or 
other sources of information. The absence of supporting theory gives 
“Methods” the appearance of a cookbook. 


The chapter on drugs in feeds has 56 procedures for extracting a drug 
from feeds. In 45 of them, solids are included in the total volume of ex- 
tract, thus causing possible bias. 


The section on microbiological assays for antibiotics in animal feed 
has turbidimetric methods for the first time. The turbidimetric method 
is manual for chlortetracycline, and an AUTOTURB” System is used for 
monensin. The latter assay could be improved considerably at  no cost 
of  time or money. Also, the AUTOTURB System is not operated to give 
the accuracy and precision it was designed to give. Even the name of the 
system is incorrect. 


The diffusion assays for antibiotics in feeds, being obsolete both in 
design and practice, contain possible inherent and easily avoidable errors. 
At that, the methods may be superior to those in the E.E.C. Possible 
significant biases in certain diffusion assays, such as those of bacitracin, 
hygromycin B, and monensin, are not mentioned. Collaborative assays 
have shown the bacitracin method to be an activity check and not a 
quantitative assay. 


Theory and practice of microbiological assays for vitamins (Chapter 
43) have progressed little since the Snell and Strong publication in 1939. 
Fortunately, accurate assays rarely are needed. Improvement in the 
quality of methods could come from someone with access to an AU- 
TOTURB System who operates it correctly. Factors that need to be 
studied are: composition of media, preparation of inocula, time and 
temperature of incubation, dose-response line, computation of potency, 
and proper statistical treatment of data. Once these studies have been 
done, the influence of assay specificity, interferences, and details of 
sample preparation on accuracy and precision of assays for vitamins and 
amino acids could be investigated with profit. Microbiological assays, 
in contrast to chemical methods, have been stagnant too long. 


Reviewed by Frederick Kavanagh 
829 N. W. 36th Street 
Coruallis, OR 97330 
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Abstract 0 The urinary excretion and blood level kinetics of p -  
methylbenzoylformic acid (I) after intravenous infusion for 1 hr were 
studied in rats. The determined fist-order half-lives were compared with 
those determined in studies in which a single intravenous dose of I was 
administered rapidly to rats that previously were infused with normal 
saline for 1 hr. While the blood tl/z or body clearance of I determined in 
the 1-hr infusion studies was similar to that determined in the single 
intravenous dose studies, the urinary t1/2 of I determined in the 1-hr 
infusion studies was significantly greater than that determined in the 
single intravenous dose studies. In infusion studies where the half-lives 
of I were determined in the presence of renal tubular secretion inhibitor, 
DL-tropic acid (II), the ratio of (urinary tl/z)II presenJ(urinary tl/z)rI absent 
was almost twice the ratio of (blood t1/2)11 presenJ(blood tl/z)II absent. The 
urinary t1 /2 value of I determined after infusion for only 10 min was in- 
termediate between values obtained in the single intravenous dose studies 
and the 1-hr infusion studies. These data provide pharmazokinetic evi- 
dence to support the hypothesis that I and other organic anions tempo- 
rarily accumulate in the surface-lying renal tubular cells after a single 
intravenous dose, but they tend to penetrate into the deeper renal tubular 
cells upon intravenous infusion, with depth of penetration increasing with 
increasing infusion time. 


Keyphrases 0 Renal accumulation-p-methylbenzoylformic acid, 
pharmacokinetics, rats p-Methylbenzoylformic acid-model organic 
compound used for determination of renal accumulation, pharmacoki- 
netics Pharmacokinetics-renal accumulation of model organic anions, 
rats 


Recent studies (1) in rats showed that the biological 
half-lives of mandelic acid, benzoylformic acid, and several 
of their para-alkylated homologs, including p-methyl- 
benzoylformic acid (I), determined from urinary excretion 
data are longer than those determined from blood level 
data following a single intravenous dose. In the presence 
of a simultaneously administered intravenous dose of 
DL-tropic acidlII), a competitive inhibitor of renal tubular 
secretion of these compounds, the urinary half-lives were 
disproportionately longer than the blood half-lives. The 
ratios of (urinary t1/2/blood t l l 2 )  determined for these 
compounds in the presence of II were greater than such 
ratios determined in the absence of 11. The longer urinary 
half-lives were attributed to the retention or detention of 
these compounds in the renal tubular membranes during 
secretion. 


BACKGROUND 
Several reports (2-4) indicated that cellular trapping of organic anions, 


such as p-aminohippurate and phenolsulfonphthalein, occurs during 
their renal tubular secretion in mammals. Recent in uitro rat kidney slice 


uptake studies (4,5) showed that p-aminohippurate accumulates mainly 
in the proximal renal tubules, and the volume of renal tubules that absorb 
the compound increases with incubation time and its concentration in 
the medium. Also, in the presence of renal tubular secretion inhibitors, 
a redistribution of accumulation of p-aminohippurate occurred and 
further uptake took place in the deeper proximal renal tubules (6). 


The purpose of this study was to obtain pharmacokinetic evidence in 
support of the proposed hypotheses concerning the retention/detention 
and distribution of organic anions in the renal tubules by studying blood 
level kinetics and urinary excretion kinetics of I in rats after intravenous 
infusion for 1 hr, both in the absence and presence of 11. Therefore, the 
specific objectives of the study were to demonstrate that: 


1. The (urinary tl/z)infueion of I determined in the infusion study is 
longer than its (urinary t 1 / ~ ) ~ i ~ ~ l ~  iv dose determined in the single intra- 
venous dose study. 


2. The (blood tl/z)infusion of I is similar to its (blood tl/2)aingle iv dose. 
3. The ratio of (urinary tl/Alood tl/2)infusion of I obtained in the 


presence of I1 is greater than that obtained in the absence of 11. 
4. The urinary t l l z  determined after infusing I for 1 hr is longer than 


that determined after infusing it for 10 min. 
Compound I (pKa 3.3) was used as a model organic anion because it 


is neither metabolized, bound to plasma proteins, nor reabsorbed from 
the renal tubules of rats (I). Furthermore, the entire administered dose 
of I is eliminated renally (which includes renal tubular secretion), and 
it follows one-compartment open model kinetics (1). 


EXPERIMENTAL 


Materials-p -Methylbenzoylformic acid, mp 97-99", was synthesized 
by the method of Kindler et al. (7). DL-Tropic acid', mp 116-118', and 
pentobarbital sodium2 (USP grade) were also used. 


Apparatus and Analytical Procedure-The GLC3 procedures used 
for the quantitative determination of I in rat urine and blood were es- 
sentially the same as described previously (1,8). 


Surgical Preparation of RatsSprague-Dawley male rats, 170-230 
g (a majority weighed -200 g), were used in the blood level kinetic studies 
and urinary excretion kinetic studies. Food, but not water, was withheld 
from the rats 12-14 hr prior to the study and during it. Each rat was 
prepared surgically for infusion of the isotonic solution of I (1.75 mg/ml), 
with or without 11, via a femoral vein. 


A rat was anesthetized with pentobarbital sodium (40 mg/kg ip) and 
placed on an animal board. A small amount of ether was used to anes- 
thetize the rats completely. The limbs were tied to the animal board, and 
hair between the left leg and abdomen was shaved off with an electric 
clipper; the shaved part was cleaned with 70% (v/v) ethanol. The skin 
between the left leg and the midline was cut open to expose a femoral vein, 
which was isolated from the femoral artery and femoral nerve. The 
femoral vein was cannulated with polyethylene tubing4 (0.028 cm i.d., 


1 Aldrich Chemical Co., Milwaukee, Wis. 
2 Merck & Co., Rahway, N.J. 
3 Hewlett-Packard model 5720A gas chromatograph. 
4 Intramedic (PE-lo), Clay Adams, Division of Becton-Dickenson Co., Parsip- 


pany, N.J. 
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ml/min in the presence of 11. The infusion rate of IT, which was contained 
in the same solution of I, was 4.55 mg/0.13 ml/min, as explained under 
the urinary excretion studies. The procedure for obtaining blood samples 
and the number of blood samples obtained from rats were identical to 
that described under Condition 1. Fifteen rat studies were performed. 
There was no need to conduct a separate single intravenous dose control 
study for this phase (see Discussion). 


RESULTS 


Urinary Excretion Kinetics of I after 1-hr Infusion-Since the 
urinary excretion of I is an apparent first-order process after a single 
intravenous dose in the 2.0-9.7-mg/rat range (l), and since, as shown later, 
I disappearance from the blood after the 1-hr infusion occurs monoex- 
ponentially, the urinary excretion of the compound after a I-hr infusion 


20 40 60 80 can be expected to occur by a first-order process (Fig. 1). The data were 
treated according to: 


\kn Rapid i. V. 


POSTINFUSION TIME, min 
Figure 1-Typical semilogarithmic urinary excretion plots obtained 
for I after its rapid intravenous administration of a single dose to a rat 
previously infused with normal saline for 1 hr (0) and after continuous 
intravenous infusion into a rat for 1 hr (0). 


0.061 cm 0.d.). The inserted end of the cannula and the vein were tied 
together to keep the cannula in the vein. The surgically opened area was 
closed with clips using a clip applier6. 


The surgical procedure took -20 min. The rat generally regained 
consciousness within 30 rnin after the cannulation. The rat then was 
placed in an acrylic restraining cage and usually was ready for infusion 
-1 hr after cannulation. 
Urinary Excretion Studies--The urinary excretion kinetics of I were 


studied under the following four conditions: 
1. Compound I was infused into the rat for 1 hr a t  0.2275 mg/0.13 


ml/min. This infusion rate was chosen to produce, at the end of the 1-hr 
infusion, a blood concentration that would be close to the initial blood 
concentration produced following rapid intravenous administration of 
a single dose of 22 mg/kg as reported previously (I). Six rat studies were 
performed. 


2. The rat was infused with normal saline for 1 hr a t  0.092 ml/min, 
immediately followed by a rapid intravenous infusion of a single dose of 
4.4 mg of I contained in 2 ml. This study served as a control for that de- 
scribed in Condition 1. Four rat studies were performed. 


3. Compound I was infused into the rat for 1 hr a t  0.2275 mg/0.13 
ml/min in the presence of 11. The infusion rate of 11, which was contained 
in the same solution of I, was 4.55 mg/0.13 ml/min. The I1 infusion rate 
was chosen to produce, a t  the end of the 1-hr infusion, a blood concen- 
tration that would be similar to the initial blood concentration produced 
following rapid intravenous administration of a single dose of 100 mg/kg 
as reported previously (1). There was no need to conduct a separate single 
intravenous dose control study for this portion of the study (see Dis- 
cussion). Five rat studies were performed. 


4. The rat was infused first with normal saline at  0.13 ml/min for 50 
min, followed by the I infusion at 0.5562 mg/0.13 ml/min for 10 min. The 
I infusion rate was chosen to produce, a t  the end of the 10-min infusion, 
a blood concentration that would be similar to that at the end of the 1-hr 
infusion as described in Condition 1. Five rat studies were performed. 


All solutions used in Conditions 1-4 were isotonic and were adjusted 
to pH 7.4. Immediately after the prolonged or rapid infusion of I, the outer 
cannula was cut at a point -1 cm from the skin, and the cannula opening 
was sealed with a flame. The rat then was transferred to a urine collection 
cage (9), and urine samples were collected according to the procedure 
described previously (9). 


Blood Studies-The blood level kinetics of I were studied under the 
following conditions: 


1. Compound I was infused into the rat for 1 hr a t  0.2275 mg/0.13 
ml/min. As described previously (8, lo), only one blood sample was ob- 
tained from a given rat upon its decapitation at a predetermined time. 
On a given day, altogether three blood I levels were determined from three 
different rats decapitated at 10,20, and 30 min postinfusion. The pro- 
cedure used for collecting blood samples was the same as described pre- 
viously (8). Fifteen rat studies were performed. There was no need to 
conduct a separate single intravenous dose control study for this phase 
(see Discussion). 


2. Compound I was infused into the rat for 1 hr a t  0.2275 mg/0.13 


Autoclips and autoclip applier, Clay Adams, Division of &ton-Dickenson Co., 
Parsippany, N.J. 


log(ADe/At) = log k,xDo - (ke,t/2.303) (Eq. 1) 


where ADe/At is the urinary excretion rate of I a t  time t ,  the midpoint 
of the urine collection period; DO is the amount of I in the body at the time 
of discontinuation of infusion; and k,, is a first-order rate constant for 
urinary excretion of the compound, which is essentially equivalent to the 
rate constant of I elimination since renal excretion is the only process by 
which I is eliminated intact from the body. 


In constructing an individual infusion plot for each rat (Fig. l),  the f i t  
data point was ignored and is not shown since the urine sample collected 
within 10 min after the discontinuation of infusion very likely contained 
an amount of I greater than that expected. The reason for this belief was 
that the rat seldom urinated immediately prior to or after the discon- 
tinuation of infusion. 


According to Eq. 1, the rate constant of urinary excretion was calcu- 
lated from the slope (-k,J2.303) of the straight line of each plot obtained 
by least-squares regression. The urinary t1/2 was calculated from t l lz  = 
O.693/ke,. The mean k,, of I was 0.0281 f 0.0042 min-l, and the average 
urinary t1/2 was 24.7 min. 


Urinary Excretion Kinetics of I after Single Intravenous Dose 
in Control Study-Since the single intravenous dose urinary excretion 
kinetic studies of I conducted previously (1) did not involve continuous 
infusion of normal saline for 1 hr, those studies cannot be assumed 
(without evidence) to serve as the control for such studies after continuous 
infusion for 1 hr. Therefore, to provide an appropriate control, the urinary 
excretion kinetics of I were studied after administering a single intrave- 
nous dose to each rat, immediately after infusing the rat with normal 
saline for 1 hr. The typical urinary excretion data obtained in this control 
study are shown in Fig. 1. The mean k., of I was 0.0430 f 0.0034 min-1, 
which was significantly different (p < 0.01) from that obtained in the 1-hr 
infusion study. The average urinary t1/2 of I was 16.2 min. 


Urinary Excretion Kinetics of I after 1-hr Infusion in Presence 
of 11-These excretion studies in the postinfusion period determined 
the urinary t l / z  of I after blocking its renal tubular secretion with 11. Both 
I and I1 were contained in the same solution, and the infusion rate of I1 
or the concentration of I1 was 20 times greater than that of I to inhibit 
completely the renal tubular secretion of I. The typical apparent first- 
order urinary excretion data obtained for I are shown in Fig. 2. The mean 
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Figure 2-Typical semilogarithmic urinary excretion plots obtained 
for I after its continuous intravenous infusion into a rat for 1 hr in the 
presence of I Z  (0)  and after its continuous intravenous infusion in the 
absence of II for 10 min into a rat previously infused with normal saline 
for 50 min (a). 
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Figure &Postinfusion blood levels of I in the absence (0) and presence 
(0) of II. Each data point represents the concentration ofZnoted in a 
given rat, as explained in the text. 


ke, of I was 0.0122 f 0.0012 min-l, which was significantly lower ( p  < 
0.001) than that observed in the absence of I1 in the 1-hr infusion study. 
The average urinary tl/z of I was 57.0 min. 


Urinary Excretion Kinetics of I after 10-min Infusion-These 
excretion studies determined the effect of the infusion time on the urinary 
tllz of I. The typical apparent first-order urinary excretion data obtained 
for I are shown in Fig. 2. The mean k., of I was 0.0399 & 0.0049 min-', 
which was significantly greater (p < 0.01) than that observed in the 1-hr 
infusion study. The average urinary t 1 /2  of I was 17.3 min. 


Blood Level Kinetics of I after 1-hr Infusion in Absence of 11-It 
was shown previously (8,lO) that the blood levels of I decline monoex- 
ponentially after a rapid intravenous administration of a single dose. The 
blood levels of I obtained in the postinfusion period also declined mo- 
noexponentially (Fig. 3), and these data are treated according to the 
following first-order equation: 


log c' = log cb - (Kelt/2.303) (Eq. 2) 


where C' is the I concentration at  time t in the postinfusion period, Cb 
is the I concentration at  the time of discontinuation of infusion, and K.1 
is the first-order rate constant of elimination or excretion of I. The K.1 
of I was calculated from the slope (-Ke1/2.303) of the least-squares 
straight line. The blood tll2 of the compound was calculated from tl/z = 


The apparent volume of distribution, v d ,  of I was calculated from: 
0.693/Ke1. 


(Eq. 3) 


where k o  is the infusion rate and Cb is the I concentration at time T of 
discontinuation of infusion. The value of Cb was obtained by extrapolating 
back to zero time the least-squares straight line obtained in Fig. 3. The 
values of the various pharmacokinetic parameters are listed in Table 
I. 


Blood Level Kinetics of I after 1-hr Infusion in Presence of II- 
The apparent monoexponential decliie of blood levels of I in the presence 
of I1 was observed (Fig. 3). The pharmacokinetic parameters calculated 
are listed in Table I. 


k0 
v d  = - C,el (1 - e - K e ~ T )  


DISCUSSION 


Comparison of Urinary t l / 2  and Blood t l /z  of I-In the previous 
single intravenous dose studies of I(1,8,  lo), the rats were not infused 
with normal saline for 1 hr; however, 5 ml of normal saline was injected 
intraperitoneally into each rat 20 min prior to intravenous I adminis- 
tration. Therefore, if any substantial difference were to occur between 
the I half-life determined in the single intravenous dose studies reported 
previously (1,8,10) and that determined in the present single dose studies 
of the saline-infused (control) rats, such a difference probably would be 


Table I-Pharmacokinetic Parameters Determined for I from 
Postinfusion Blood Level Data Obtained in  the Absence and 
Presence of I1 


Without I1 With I1 


Cb, mg!ml 0.0842 0.0995 
Kel, mm-' 0.0443 0.0373 
t 112, min 15.6" 18.5" 
vd, mVkg 281.1 273.0 


Pharmacokinetic parameter 


Body clearance, ml min-' kg-' 12.5 10.2 
Measures of fit 


Coefficient of determination (r2) 0.996 0.996 
Correlation coefficient 0.998 0.998 


a For comparison, the blood t l / 2  values obtained for I in previous (8.10) single 
intravenous dose studies in nonsurgical rats in the absence and presence of I1 were 
14.1 and 16.9 min, respectively. 


due to the surgical trauma and infusion procedure employed in the 
infusion studies. 


However, the average urinary tl/2 (16.2 min) of I determined in the 
control rats was similar to that (16.7 min) reported previously (1) in the 
nonsurgical rats after administration of a single intravenous dose of I. 
Furthermore, the urinary tl/z (17.3 min) of I determined after infusing 
it for 10 min into rats, which were already infused with normal saline,for 
50 min, was not substantially greater than that determined in the previous 
single intravenous dose studies (1) performed in the nonsurgical rats. 
Additionally, the blood tl/z (15.6 min) and the body clearance (12.5 
ml/min/kg) of I determined in the infusion studies also were similar (14.1 
min; 12.1 ml/minbg) to those noted for I in the previous (8) single in- 
travenous dose studies in nonsurgical rats. 


These observations suggested that the surgery and infusion procedures 
have little or no effect on the I half-lives and that the values of the urinary 
and blood half-lives obtained for I in the previous single intravenous dose 
studies in the nonsurgical rats can be used as the control values for the 
present study. 


Comparison of Ratios of Urinary t l / z  and Blood t 1 / 2  Values of I 
in Absence and Presence of 11-The average blood t1 /2  or urinary tl/z 
of I in the presence of I1 was greater than that determined in the absence 
of I1 in the single intravenous dose study and in the infusion study. 
However, while the increase in blood t1/2 of I observed in the infusion 
study with I1 was similar to that noted in the single intravenous dose 
study (Table I), the increase in the urinary t 1 / 2  of I observed in the 
presence of I1 in the infusion study was 1.8 times greater than that noted 
in the single intravenous dose study. Therefore, the increase observed 
in the blood tllz of I in the presence of I1 either in the single intravenous 
dose study or in the infusion study primarily reflects the effect of inhi- 
bition of renal tubular secretion of I by 11. However, the greater increase 
observed in the urinary t 1/2 of I in the presence of I1 in the infusion study, 
as compared to that observed in the single intravenous dose study, cannot 
be attributed merely to the inhibition of renal tubular secretion of I by 
11. Other factors such as retention or detention of I in the renal tubular 
membranes (1) and its distribution into the deeper tissues of the kidney 
(5,6) may be responsible for this phenomenon. 


Therefore, to reveal the role of these factors, although indirectly, the 
various ratios of the I half-lives were evaluated. Previous studies (1) with 
I and other model organic anions showed that the values of all four ratios 
listed in Table I1 were greater than unity for the organic anions. This 


Table 11-Various Ratios of Urinary t l / z  and Blood t l / 2  Values 
Obtained in Infusion Studies and Single Intravenous Dose 
Studies of I in the Absence and Presence of I1 


Single 
Ratio Infusion Intravenous Dose 


urinary t 112 0 blood ti12 11 absent 
1.58 1.18 


3.08 1.24 


2.26 1.25 


1.19 1.20 
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Figure 4-Plot showing the effect of continuous intravenous infusion 
time on the postinfusion k,, of I in rats. 


analysis led to the proposal (1) that once the organic anions entered the 
renal tubular membranes, they probably did not diffuse back into the 
blood compartment and that the renal tubular membranes did not con- 
stitute a part of the blood compartment or the peripheral tissue com- 
partment for anions associated with multicompartment disposition 
characteristics. 


The data for I (Table 11) clearly indicate that, while the ratios of (blood 
t l / z  with IIhlood tl/z without 11) observed in the infusion studies was 
practically identical to that noted in the single intravenous dose studies, 
the ratio of (urinary t l / z  with IIhrinary t l / z  without 11) observed in the 
infusion studies was almost two times greater than that in the single in- 
travenous dose studies. Therefore, the possible accumulation of I in the 
renal tubular membranes was not only more pronounced when admin- 
istered by continuous infusion but such retention occurred only in the 
eliminating organ, the kidney. The urinary t l / 2  data in Table I1 also 
prompted the suggestion that I diffuses into the deeper tissues in the 
kidney. This hypothesis appears to be supported by the fact that the ratio 
of the ratios expressed as (urinary tllzhlood tl/z)infusronl(urinary t 1/21 


blood tl/2)sing.e iv dose observed for I in the presence of I1 was almost two 
times greater than that observed in the absence of 11. 


Effect of Infusion Time on k,, of I-As pointed out earlier, the k,, 
value of I in the 10-min infusion study was 0.0399 f 0.0049 min-', which 
was significantly 0, < 0.01) greater than that observed in the 1-hr infusion 
study. However, this k,, value was significantly smaller than that of I 
determined in the single intravenous dose study only at a 75% confidence 
limit. There appears to be a trend to suggest that k., of I decreases with 
increasing infusion time (Fig. 4). Since the excretion rate constants of 
J were not determined at  additional infusion times, it is not known 
whether a relationship between k,, of I and its infusion time is linear over 
the infusion time of 0-60 min. 


Possible Mechanism-The effect of length of the infusion period on 
the urinary t l / z  or k,, of I observed in the present study is parallel to the 
effect of length of the incubation period on the depth of uptake of p -  
aminohippurate by the rat kidney slice studies of Wedeen and Weiner 
(4-6). The mechanism they proposed, which accounts for the intrarenal 
distribution and localization of tritiated p-aminohippurate in the rat 
kidney slices, was that the uptake of this anion occurs primarily in the 
surface-lying tubules during the shorter incubation period but that the 
uptake occurs in the tubules in the deeper tissue region during prolonged 
incubation. It also was demonstrated (6) that, in the presence of even the 
nonmetabolic competitive inhibitors, although no uptake of p-amino- 


hippurate occurred in the surface-lying tubules of the cortical slices, its 
uptake proceeded into the deeper proximal tubules. 


In view of the proposed mechanisms (4-6), it seems reasonable to as- 
sume that I penetrates into the deeper lying proximal renal tubules upon 
its intravenous infusion for 1 hr and, because of its increased residence 
time in the kidney, results in a prolonged urinary tllz. Furthermore, in 
the presence of 11, I probably is able to gain access to further deeper lying 
renal tubules, resulting in a prolonged urinary tllz. 


Therefore, it may be hypothesized that I tends to accumulate tempo- 
rarily in the surface-lying renal tubular cells after the administration of 
a single intravenous dose but that it tends to penetrate into the deeper 
renal tubular cells upon intravenous infusion, with the depth of cortical 
tissue involved in its uptake increasing with increasing infusion time. 
Consequently, uptake of the compound in the deeper lying tubules, to- 
gether with its temporary retention in the renal tubular membranes 
during secretion, is reflected in the longer apparent half-life of the 
compound when determined from the urinary excretion data than when 
determined from the blood level data. 


Practical Significance of Study-As noted previously (I), the ap- 
parent biological half-lives of drugs sometimes are longer in humans when 
determined from urinary excretion data than when determined from 
blood level data. The previous (1) and present studies with model organic 
anions suggest that if drugs that are subject to renal tubular secretion 
exhibit a greater urinary t l / z  than blood t l l z ,  it may be due to their ac- 
cumulation in the renal tubular membranes and penetration into the 
deeper lying cortical renal tubules, especially in chronic drug therapy. 
Such pharmacokinetic disposition of some drugs may result in nephro- 
toxicity caused by interference by drug molecules in the integrity of the 
membrane structure and normal metabolic functions of tubular cells. 
Therefore, if a drug is suspected to be nephrotoxic, comparison of its 
urinary t 1 / 2  and blood t 112 values in test subjects may help to detect this 
possibility. 
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New Direct Calculation of 
K p 1  and Kp2 Complexation Constants Using 
Solubility Method 


Keyphrases 0 Complexation-calculation of complexation constants 
using solubility method, derivation of new equation Solubility-direct 
calculation of complexation constants using new equation Models, 
mathematical-equation for direct calculation of complexation constants 
using solubility method 


To the Editor: 


The solubility method is used frequently to determine 
the extent of molecular interactions between compounds. 
A detailed discussion of this method is available (1). In this 
method, a solution is maintained saturated with one 
component, S, and incremental amounts of a second 
complexing agent, L ,  are added. At equilibrium, the total 
S in solution is determined. If the complexes are soluble, 
an increase in the solubility of S is observed as a function 
of added L .  


If a 1:l complex is formed (Scheme I), complexation is 
represented by: 


S + L = S L  
Scheme I 


where [ST] is the total S concentration in the solution, SO 
is the original solubility of S, [SL] is the concentration of 
the 1:l complex, [L] is the concentration of the free com- 
plexing agent, [LT] is the total concentration of the com- 
plexing agent, and K1:l is the 1:l complexation constant. 
The complexation constant can be determined easily and 
accurately from Eq. 2. 


However, for a system in which both 1:l and 1:2 com- 
plexes are formed, the 1:l complex (Scheme I) is repre- 
sented by Eqs. 1 and 2 and the 1:2 complex (Scheme 11) is 
represented by: 


S + 2 L = S L : !  
Scheme II 


where K1:2 is the 1:2 complexation 


the concentration of the 1:2 complex. The mass balance 
equation for S becomes: 


[ST] = SO + [SL] + [SLZI (Eq. 4) 


The combination of Eqs. 1,3,  and 4 results in: 


[STI - so = Kl.lSO[LI + Kl2SO[L12 (Eq. 5)  


Since the exact amount of [L] in a system is not known, it 
has been recognized (1-5) that Eq. 5 cannot be used di- 
rectly to calculate KlZ1 and K1:2 unless a certain assump- 
tion is made. This assumption is that [L] = [LT] or that all 
of the complex is in the form of either SL or SL2. Then the 
data are manipulated using several approximations to 
arrive a t  the values of K1:l and K1:2. 


These assumptions are totally invalid if the SL and SL2 
concentrations are both very large. The purpose of this 
article is to derive an equation for calculating the two 
complexation constants directly and without assump- 
tions. 


Since: 


[LTI = [LI + [SLI + 2[SLzl (Eq. 6) 


the combination of Eqs. 4 and 6 results in: 


[LT] = [L] + [SL] + 2([sT] - SO - [ S L ] )  (Eq. 7) 


and: 


[LT] = 2[ST] - 2SO + [L] - [SL] (Eq. 8 )  


Substituting for [SL] in Eq. 8 using Eq. 1 gives: 


[LT] =  ST] - 2 s 0  + IL] - KI ISO[L] (Eq. 9) 


Rearranging Eq. 9 results in: 


(Eq. 10) 


Substituting this expression for [L] in Eq. 5 gives: 


Let: 


and: 
(Eq. 3) 


constant and [S&] is 
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12 t Table I-Complexation Constants of Hydroquinone in Carbon 
Tetrachloride-Alcohol System 


10 i P 


2 t  
" ~ ~ _ _ _ _ _ _ _ _ _  ~ 
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MOLARITY OF ADDED ALCOHOLS X lo2 M 
Figure 1-Solubility of hydroquinone i n  carbon tetrachforide at  30' 
ah a function of added alcohols. Key. 0,  cyclohexanol; and 0,  isobu- 
tanol. 


Equation 11 can be rewritten as: 


[ST] - SO = a{[LT]  - 2([ST] - SO)/ + 81[LT] - 2([ST] - SO)/* 
(Eq. 14) 


Dividing both sides of Eq. 14 by [LT] -  ST] - SO) re- 
sults in: 


Plots of the left side of Eq. 15 uersus [LT] -  ST] - SO) 
give a straight line and both K1:1 and K1:2 can be calculated 
from the slope and the intercept. In using Eq. 15, all one 
needs are the easily obtainable values of [ST], SO, and 
[LTI .  


It is also apparent from its derivation that Eq. 15, in 
contrast to Eq. 5, can be used even if the concentrations 
of the complex species ( S L  and SL2) are very large. How- 
ever, when SL = L, Eq. 15 cannot be applied to calculate 
K1:l and K1:2. The standard Eq. 5 also cannot be used for 
these calculations unless one assumes that S L  >> SL2. 


The data of Chulkaratana (5) were analyzed according 
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Z 8  
X 


0 1 2 3 4 5 6 7 


[LTI - 2"STI - S o )  x 10'M 


Figure 2-Plots of Eq. 15 for determination of K1:l and K I : ~  for the 
hydroquinone-alcohol complex formation in  carbon tetrachloride. Key: 
0, cyclohexanol; and 0, isobutanol. 


Values from Eq. 15 Literature Values 
K I : ~ ,  M-' K I : ~ ,  M-' K I : ~ ,  M-' K I : ~ ,  M-' 


Cyclohexanol 10.03 217.0 10.0 210.5 
Isobutanol 1.83 169.5 1.75 167.5 


to Eq. 15 to demonstrate its utility. As shown in Fig. 1, the 
solubility of hydroquinone in carbon tetrachloride in- 
creases nonlinearly as a function of added isobutanol and 
cyclohexanol(5). This increased solubility of the phenolic 
compound was reported to be due to the formation of 1:l 
and 1:2 complexes with the added alcohols. The values for 
K1:1 and Kp2 (Table I) were calculated using a lengthy 
manipulation of the data. When the same data were ana- 
lyzed according to Eq. 15, Fig. 2 was obtained. The values 
of K1:1 and K1:2 were calculated from the intercepts and 
slopes of Fig. 2 and were in good agreement with literature 
values (Table I). 
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Plasma Area Method in Relative 
Bioavailability Evaluation of Drugs with 
Changing Biological Half-Lives 


Keyphrases Bioavailability-method for drugs with changing bio- 
logical half-lives, alternative calculations to plasma concentration-time 
curve method Drug absorption-relative bioavailability calculated for 
drugs with changing biological half-lives, compared to plasma concen- 
tration-time curve method 0 Pharmacokinetics-relative bioavailability 
determined for drugs with changing biological half-lives, alternative 
method to plasma concentration-time curve method 


To the Editor: 
Both the rate and extent of absorption of a drug from 


dosage forms are important in biopharmaceutical and 
pharmacokinetic studies. An additional intravenous study 
often is needed to serve as a control and to obtain the dis- 
position function of the drug (1-5). In the relative bio- 
availability ( F )  study of two dosage forms, the following 
total plasma (blood or serum) area method often is used 
without an intravenous study: 


(Eq. l a )  
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BOOKS 


REVIEWS 


Drug Design. Vol. IX. Edited by E. J. ARIENS. Academic, 111 Fifth 
Ave., New York, NY 10003.1980.355 pp. 15 X 23 cm. Price $39.50. 
This book is the ninth in the Drug Design series dating back to 1971. 


This seven-chapter volume emphasizes quantitative methods of struc- 
ture-activity relationships (SARI and drug design. 


The first chapter by Ariens deals with toxicity considerations on de- 
signing candidate molecules with expected biological activity. The pro- 
cesses leading to toxicity are discussed with consideration of SAR. 
Chapter 2 covers a wide variety of subjects generally centering around 
physicochemical properties and their relation to biological activity. Some 
interesting aspects of property-activity relationships are raised, but too 
great a variety of subjects is covered with the sacrifice of much depth. 


Chapter 3 describes recent contributions to orally active prodrugs 
based on physical-chemical properties. The authors, Yalkowsky and 
Morozowich, develop these factors systematically and present recent work 
from their laboratory. Chapter 4, authored by Mager, describes the 
MASCA model in the first of a two-part presentation. The second part 
will appear in Volume X. Considerable space is devoted to a development 
of the mathematics involved with only limited illustration of its appli- 
cation. The two chapters are clearly interdependent and perhaps should 
have appeared in the same volume. 


Chapter 5, by deBlaey and Polderman, is a good description of the 
design of rectal and vaginal drug delivery forms. In Chapter 6, Meyer 
reviews interactive graphics, touching on hardware and software data 
banks with some applications. The last chapter, by Golender and Ro- 
zenblit, discusses the logico-structural approach to drug design. The 
chapter develops the analytical method in a clear and useful manner. 


The book will be of particular interest to medicinal chemists engaged 
in drug design using theoretical methods to analyze and predict ac- 
tivity. 


Revietued by Lemont B. Kier 
Department of Pharmaceutical 


School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, VA 23298 


Chemistry 


Official Methods of Analysis of the AOAC, 13th ed. Edited by WIL- 
LIAM HORWITZ. The Association of Official Analytical Chemists, 
1111 N. 19th St., Arlington, VA 22209.1980.1038 pp. 22 X 28 cm. 2.4 
kg. Price $78.00. 
This, the latest, largest, and most weighty of “Methods,” received about 


175 new methods and lost 83 during the current 5 years between editions. 
Page size was increased to maintain the book as a single volume in the 
interest of convenience and cost. Methods employing GLC now are more 
numerous than spectrophotometric methods. HPLC makes its first ap- 
pearance in this edition. 


“Methods of Analysis” is a compendium of quantitative and qualitative 
analytical methods and other procedures used by regulatory agencies in 
monitoring regulated industries. The methods also are specified in certain 
government purchase orders. “Methods” has a worldwide distribu- 
tion. 


These methods were tested by collaborative assays and found to satisfy 
the criteria set by the subcommittee having jurisdiction. In theory, the 
methods are precise and accurate referee methods suitable for resolving 
differences of opinion. In practice, the methods are a mixture of the tried 
and true, recent innovations, the obsolete but barely adequate, the 
worthless, and methods to be used only when conditions beyond the 
control of the analyst require them. Nonetheless, the book belongs in the 


library of any analyst who must do official assays; assays agricultural 
products, determines efficacy of disinfectants; assays pesticide formu- 
lations, foods, food additives, cosmetics, drugs, drugs in animal feeds, 
vitamins, and amino acids; looks for filth in foods and for microbial 
contaminants in raw and processed foods; or needs to develop latent 
fingerprints and make voice print identifications. There is something for 
everyone from the agricultural chemist to the budding Sherlock 
Holmes. 


When the first edition of “Methods” was published in 1920, the editors 
could make the valid assumption that it would be used by trained and 
experienced analysts. Today, that assumption can no longer be made, 
and presentation of procedures should be modified accordingly. Many 
people in certain fields are not trained in analytical techniques. Although 
the editors can do nothing about this misapplication of people, they could 
provide tutorial material to teach basic techniques. One of the first skills 
to be taught should be how to select and use volumetric pipets and flasks. 
This gives an idea of the extent of the needs. 


Of particular interest to pharmaceutical scientists are the chapters on 
disinfectants, flavors, food additives, metals, and other elements as 
residues in foods, sugars and syrups, color additives, cosmetics, drugs (five 
chapters), and vitamins and other nutrients. 


“Methods” grows with each edition. Vigorous steps need to be taken 
to keep its size within reasonable limits for a one-volume book and to 
control its cost. The 68 pages of tables a t  the back of the book probably 
could be put on one or two pages as comments and as equations suitable 
for solution by the ubiquitous digital calculators. Space could be saved 
by presenting general procedures once and, thereafter, giving only de- 
viations under the specific assay. More information could be placed in 
tables, and needless instructions could be omitted. 


Equations for the wet chemistries would help the analyst understand 
what he or she is doing. Not everyone who uses “Methods” has a complete 
file of the Journal of the Association of Official Analytical Chemists or 
other sources of information. The absence of supporting theory gives 
“Methods” the appearance of a cookbook. 


The chapter on drugs in feeds has 56 procedures for extracting a drug 
from feeds. In 45 of them, solids are included in the total volume of ex- 
tract, thus causing possible bias. 


The section on microbiological assays for antibiotics in animal feed 
has turbidimetric methods for the first time. The turbidimetric method 
is manual for chlortetracycline, and an AUTOTURB” System is used for 
monensin. The latter assay could be improved considerably at  no cost 
of  time or money. Also, the AUTOTURB System is not operated to give 
the accuracy and precision it was designed to give. Even the name of the 
system is incorrect. 


The diffusion assays for antibiotics in feeds, being obsolete both in 
design and practice, contain possible inherent and easily avoidable errors. 
At that, the methods may be superior to those in the E.E.C. Possible 
significant biases in certain diffusion assays, such as those of bacitracin, 
hygromycin B, and monensin, are not mentioned. Collaborative assays 
have shown the bacitracin method to be an activity check and not a 
quantitative assay. 


Theory and practice of microbiological assays for vitamins (Chapter 
43) have progressed little since the Snell and Strong publication in 1939. 
Fortunately, accurate assays rarely are needed. Improvement in the 
quality of methods could come from someone with access to an AU- 
TOTURB System who operates it correctly. Factors that need to be 
studied are: composition of media, preparation of inocula, time and 
temperature of incubation, dose-response line, computation of potency, 
and proper statistical treatment of data. Once these studies have been 
done, the influence of assay specificity, interferences, and details of 
sample preparation on accuracy and precision of assays for vitamins and 
amino acids could be investigated with profit. Microbiological assays, 
in contrast to chemical methods, have been stagnant too long. 


Reviewed by Frederick Kavanagh 
829 N. W. 36th Street 
Coruallis, OR 97330 
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Pharmacokinetics of 
Procainamide and N-Acetylprocainamide in Rats 


BURDE L. KAMATH", CHII-MING LAI, SURINDER D. GUPTA, 
MANZER J. DURRANI, and AVRAHAM YACOBI 
Received May 5,1980, from the Pharmaceutical Development Department, Research and Medical Affairs, American Critical Care, McGaw 
Park, ZL 60085. Accepted for publication September 2,1980. 


Abstract  The pharmacokinetics of distribution and elimination of 
procainamide and its major metabolite, N-acetylprocainamide, were 
studied in rats. Eight rats were selected randomly, and each received 
intravenously 14C-labeled procainamide hydrochloride (75 mg/kg) or 
14C-labeled N-acetylprocainamide hydrochloride (86 mg/kg) according 
to a two-way crossover design. Serial blood samples were withdrawn for 
8 hr, and cumulative urine and feces were collected for 48 br. The plasma 
concentration-time relationships of procainamide and N-acetylpro- 
cainamide were characterized by one- and two-compartment open 
models, respectively. A pseudo-three-compartment model was necessary 
to characterize the time course of N-acetylprocainamide in plasma 
formed after administration of procainamide. The biological half-lives 
of procainamide and N-acetylprocainamide averaged 0.66 and 2.1 hr, 
respectively. The urinary excretion profiles of these drugs and the ratio 
of their biological half-lives in rats were similar to those in humans. 


Keyphrases 0 Pharmacokinetics-procainamide and N-acetylpro- 
cainamide, rat blood, urine, and feces, compared with human data 0 
Procainamide-and metabolite N-acetylprocainamide, pharmacokinetic 
study in rat urine, blood, and feces, compared with human data N- 
Acetylprocainamide-metabolite of procainamide, pharmacokinetic 
study in rats, compared with human data Metabolism-procainamide 
and N-acetylprocainamide, pharmacokinetics in rats, compared with 
human data 0 Models, pharmacokinetic-procainamide and N-acetyl- 
procainamide metabolism in rats, compared with human data 


N -  Acetylprocainamide (acecainide, 11) has been iden- 
tified as the major metabolite of procainamide (I) in hu- 
mans (1). It was found to be as potent as I in suppressing 
chloroform-induced ventricular fibrillation in mice (2). 
Various investigations have confirmed the antiarrhythmic 
efficacy of I1 in isolated tissues (3,4), animals (4,5), and 
humans (6-9). The most significant difference between 
these two drugs is that patients on chronic I therapy de- 
veloped lupus erythematosus while those on I1 did not 
(8-10). The longer half-life of I1 offers another advantage 
over I; the average half-life of I is 3 hr (ll), and that of I1 
is 6.0 hr or longer in humans (12,13). 


In humans, -50% of a I dose was excreted unchanged in 
urine and 7-34% was acetylated to I1 ( l l ) ,  whereas I1 was 
excreted mainly unchanged (12). In dogs, 50-67% of I was 
excreted unchanged in urine and no I1 was found (14,15). 
In monkeys, I was extensively metabolized to I1 and a small 
portion of the dose (2.1%) was excreted unchanged in urine 
(15). In rats, 34% of a 50-mg/kg dose of I was excreted un- 
changed in urine, 38% was converted to 11, and the rest was 
eliminated as unidentified metabolites (16). In the same 
study, 72% of a 50-mg/kg dose of I1 was excreted un- 
changed in urine. The biotransformation of I to I1 and the 
elimination of I1 in rats are qualitatively similar to those 
in humans. 


The purposes of the present investigation were: ( a )  to 
study the comparative pharmacokinetics of I and I1 in the 
same rat, ( b )  to develop a pharmacokinetic model that 
describes the formation and elimination of I1 after ad- 
ministration of a single dose of I intravenously, and ( c )  to 


confirm the suitability of the rat model for pharmacoki- 
netic studies of I and its metabolite 11. 


EXPERIMENTAL 


14C-Labeled procainamide' (32.0 pCi/mg) and 14C-labeled N-acetyl- 
procainamide' (23.1 pCi/mg) as hydrochloride salts were diluted with 
unlabeled drugs2. The final specific activities of the administered pro- 
cainamide hydrochloride (I) and N-acetylprocainamide hydrochloride 
(11) were 0.561 and 0.775 pCi/mg, respectively. 


Eight male Charles River CD rats3, 250-450 g, were randomly selected 
and kept in the individual metabolism cages during the study. Each an- 
imal received I (75 mg/kg) and I1 (86 mg/kg) intravenously according to 
a two-way crossover design. Four of the eight rats received I first while 
the other four received 11. One day before drug administration, a cannula 
was surgically inserted into the jugular vein of each rat under light ether 
anesthesia. The preparation of the cannulas and the surgical procedure 
were described previously (17). 


The drug solutions were administered intravenously through the 
jugular cannula after an overnight fast. Water was freely available a t  all 
times. Serial blood samples (0.4 ml each) were withdrawn a t  0,0.25,0.5, 
0.75, 1, 1.5, 2, 3, 4, 6, and 8 hr after drug administration. After each 
withdrawal, 0.4-0.5 ml of normal saline containing 1% heparin solution 
was infused to replace the lost volume. Plasma was separated and frozen 
immediately. Urine and feces were collected for 48 hr and frozen until 
they were assayed. Three to 7 days elapsed before the second phase of 
the study was performed. 


Analytical Methods-The total radioactivity in urine was determined 
directly uia a liquid scintillation counter4. The total radioactivity in the 
feces was measured after homogenization5 and combustion in an oxi- 
dizer6. The I and I1 concentrations in plasma and urine were determined 
by a specific high-pressure liquid chromatographic method (18). 


Data Analysis-The plasma concentration-time plots of I and I1 for 
each rat were fitted to mono- and biexponential equations, respectively, 
using nonlinear least-squares regression analysis7. The time course of 
formation and elimination of I1 after I administration was fitted to a 
pseudo-three-compartment open model (see Appendix). In this model, 
the pharmacokinetics of I are characterized by a one-compartment open 
model with two routes of elimination, an acetylation route and a non- 
acetylation route. The elimination of I1 is described by a two-compart- 
ment open model. Convergence was defined as a relative change in the 
residual sum of squares Data in all functions were weighed by the 
reciprocal of the square of each observation. The parameter estimates 
of each exponential equation were used to calculate rate constants de- 
scribing the individual model (19) (see Appendix). 


RESULTS 


Table I summarizes the elimination of procainamide (I) and N- 
acetylprocainamide (11) in urine and feces 48 hr after intravenous ad- 
ministration of either drug. After dosing with I, 84 and 5% of the total 
administered radioactivity were eliminated in urine and feces, respec- 
tively. Of the amount recovered in urine, 49% was unchanged I and 20% 
was 11. As much as 31% was excreted in an unidentified form. After dosing 
with II,90.5 and 3.2% of the total administered radioactivity were elim- 
inated in urine and feces, respectively. Of the amount recovered in urine, 


I New England Nuclear, Boston, Mass. * Arnar-Stone Laboratories, McGaw Park, Ill. 
3 Charles River Breeding Laboratories, Wilmington, Mass. 


Model 2425, Packard Instrument Co., Downers Grove, Ill. 
Polytron homogenizer, Brinkmann Instruments, Westbury, N.Y. 
Model B306, Packard Instrument Co., Downers Grove, Ill. 
NLIN procedure, Statistical Analysis System, SAS Institute, Raleigh, N.C. 
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Table I-Elimination of Procainamide (I) and N-Acetylprocainamide (11) in Urine and Feces in  48 h r  


Percent of I Dose Percent of I1 Dose 
Urine Feces, Urine Feces, 


Rat Unchanged I I1 Total Radioactivity Total Radioactivity Unchanged I1 Total Radioactivity Total Radioactivity 


36.8 15.7 77.4 
51.4 15.6 82.9 
24.5 14.5 71.0 
51.2 22.4 98.1 
41.8 14.9 89.1 
36.4 15.3 83.3 
42.5 19.6 93.0 
43.5 14.5 78.3 


Mean 41.0 16.6 84.1 
SD 8.7 2.9 8.9 


3.4 
8.5 
2.9 
2.4 
6.7 
1.9 
7.3 
6.0 
4.9 
2.5 


69.4 
62.2 
76.1 
67.4 
67.0 
71.1 
81.9 
89.4 
73.1 
8.9 


91.3 
71.8 
90.4 
94.1 
92.3 
95.1 
90.8 
98.3 
90.5 
8.0 


2.2 
4.2 
1.1 
1.3 
1.9 
4.0 
7.7 
2.8 
3.2 
2.2 


80% of the dose was unchanged I1 and the remainder was unidentified. 
Only traces of I were found in the urine of three rats after I1 adminis- 
tration. 


Figure 1 depicts the time course of the plasma concentrations of I and 
I1 following administration of each drug in a representative animal. Table 
I1 lists the mean pharmacokinetic parameters and constants that describe 
the model computer fit for I (one-compartment model), I1 (two-com- 
partment model), and the N-acetylated metabolite of I (pseudo-three- 
compartment model). The pseudo-three-compartment model (Scheme 
I) was derived by combining the pharmacokinetic models used to fit the 
individual data observed for I and I1 as unchanged drugs (see Ap- 
pendix). 


The metabolite data from seven rats fit quite well (correlation coeffi- 
cient of 20.95) to the proposed model. There were not sufficient data 
from the eighth animal. On the average, there was excellent agreement 
between the pharmacokinetic parameters of I1 obtained by the two- 


I two-compartment open model 
I (N-acetylprocainamide) 


one-compartment 
open model 


(procninamide) I 


Scheme I-Pseudo-three-compartment . open model to describe the 
formation and elimination of the N-acetylated metabolite of procain- 


amide in the rat. 


compartment open model after administration of I1 and by the pseudo- 
three-compartment model after administration of I. The mean elimi- 
nation half-life of the N-acetylated metabolite of I was 2.22 hr, which was 
almost identical to that obtained after administration of I1 to the same 
rats. The formation rate constant of I1 (kf) from I in seven rats averaged 
0.254 hr-l. 


Table I11 shows the comparative values of the biological half-life, 
volume of distribution, and renal clearance of I and I1 in individual rats. 
The biological half-life of I1 was 2.13 hr, about three times longer than 
that of I(0.658 hr). There was little difference in the values of the volume 
of distribution of either drug. The renal clearance of I was 1.92 litershrkg 
(32 ml/min/kg), twice as large as that of 11, 0.880 liter/hr/kg (14.7 ml/ 
min/kg). 


40 R 
DISCUSSION 


There was no appreciable change 0 1 0 % )  in the hematocrit between 
the initial samples of the two crossover phases. In addition, there was no 
difference in the pharmacokinetics of either drug between the two phases 


Table 11-Parameters Describing the Pharmacokinetics of 
Procainamide (I) and N-Acetylprocainamide (11) in Rats 


a 
H 
4 
0 


0.2 : 1 I 1 1 1 
0 2 4 6 8 10 


HOURS 
Figure 1-Typical semilogarithmic plot of plasma concentrations of 
drugs versus time following intravenous administration of procainamide 
(0)  and N-acetylprocainamide (a) in one rat. The open circles (0) 
show the time course of the N-acetylated metabolite of procain- 
amide. 


I1 
I, One- Pseudo-Three- TWO- 


Compartment Compartment Compartment 
Open Model Modela Open Model* 


Parameter (n = 8) (n = 7) (n = 8) 


K E ,  hr-l 
a, hr-' 
/3, hr-' 
Half- 


life, hr 
k 12, hr-l 
kzl, hr-' 
k 10, hr-: 
hex, hr- 
k,, , hr-1 
k hr-l J;, liters/k 
vd(p), litersfk 
C1 literslhrf 


Cl,, liters/hr/kiz 
& 


1.10 (0.05)c 


0.66 (0.04) 


- 
- 


- 
0.448 (0.052) 
0.181 (0.020)d 
0.248d 


4.60 (0.57) 
4.84 (0.53) 


1.92 (0.17) 


- 


- 
2.70 (0.77) 
0.327 (0.025) 
2.22 (0.20) 


0.919 (0.096) 


- 
2.52 (0.38) 
0.333 (0.017) 
2.13 (0.13) 


0.983 (0.237) 
0.971 (0.134) 
0.900 (0.102) 
0.657 (0.081) 


- 
1.46 (0.19) 
3.82 (0.54) 
1.24 (0.12) 


0.880 (0.059) 


0 Data obtained for I1 formed after administration of I. Data describing the 
time course of unchanged drug after intravenous administration of 11. Data in 
parentheses show the standard error of the mean. The k,, value represents the 
excretion of N-acetylated metaholite of I in urine. The k /  value was calculated using 
a correction factor to account for the amount of I1 eliminated as metabolites. This 
factor was obtained from the I1 data and is 73%. 
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Table 111-Comparisons of Biological Half-Life ( t 1 / 2 ) ,  Apparent Volume of Distribution ( vd), and Renal Clearance ( Clr) of 
Procainamide (I) and N-Acetylprocainamide (11) in Individual Rats 


Rat 
Vd, liters/kg m Cl,, liters/hr/kg m 


1 0.831 
2 0.550 
3 0.646 
4 0.536 
5 0.800 
6 0.648 
7 0.592 
8 0.664 
Mean 0.658 
SD 0.107 


2.10 
2.92 
1.86 
1.94 
2.00 
2.38 
2.04 
1.72 
2.13 
0.37 


2.53 
5.31 
2.88 
3.62 
2.50 
3.67 
3.45 
2.59 
3.32 
0.94 


5.93 
3.90 
7.48 
4.03 
5.43 
4.45 
2.45 
3.15 
4.60 
1.61 


3.18 
7.40 
3.71 
4.10 
3.06 
3.76 
2.48 
2.86 
3.82 
1.53 


~ 


1.82 0.730 
2.53 1.09 
1.97 1.05 
2.67 0.986 
1.97 0.711 
1.74 0.779 
1.22 0.691 
1.43 1.00 
1.92 0.919 
0.48 0.272 


of the crossover study. Therefore, it can be assumed that the withdrawal 
of blood during the first phase did not affect the pharmacokinetics during 
the second phase. 


Procainamide (I) is metabolized partially to N-acetylprocainamide 
(11) in rats but is excreted mainly unchanged (-50% of the dose) in the 
urine. On a qualitative basis, there is a similarity in the elimination of 
I in humans and rats. However, in contrast to the finding in humans, there 
was no indication of a bimodal distribution of I acetylation in rats. This 
finding is in agreement with the observation made by Cerna et al. (20). 
N-Acetylprocainamide is excreted primarily unchanged in urine. A 
fraction of both I and I1 doses was eliminated in the urine as unidentified 
polar compounds. No attempt was made to separate or characterize these 
metabolites, which appear to be unextractable in organic solvents and 
may consist of congregate forms of the drug. 


A small portion (3-570) of the intravenous dose of both drugs was 
eliminated in the feces, indicating biliary secretion. If the drugs enter 
enterohepatic cycling, the magnitude of the biliary excretion should be 
larger than that indicated by the feces data. 


To describe the time course of I1 formed after I administration in rats, 
a pseudo-three-compartment open model was derived. This approach 
was possible by combining the one-compartment open model and two- 
compartment open model characterizing the pharmacokinetics of I and 
11, respectively. The link between the two models is kf, the rate constant 
for I acetylation in the body. Since there was almost no deacetylation of 
the metabolite, it was assumed that the k, represents the rate constant 
of nonreversible acetylation. 


Because a portion of the I1 dose was eliminated as an unknown me- 
tabolite, its urinary excretion rate constant after administration of I 
probably will be smaller than kf .  This paibility was verified by the value 
of k,,, which represents the renal excretion of the N-acetylated me- 
tabolite but not its formation rate as described by k,. When the value of 
k,, (0.181 hr-l) was corrected for the percent of I1 eliminated as an 
unidentified metabolite, the rate constant was 0.248 hr-1, which was al- 
most identical to that of k/ (0.254 hr-l). Furthermore, one may calculate 
that only 73% of the N-acetylated metabolite of I would be eliminated 
as such in rats. This value is in excellent agreement with the observed 
value of urinary excretion after administration of 11. 


A discrepancy between the results of this study and those described 
previously (16) with respect to the half-life and volume of distribution 
of I1 was noted. This difference was addressed previously (21) and was 
attributed mainly to the use of inadequate blood sampling to characterize 
the pharmacokinetics of I1 and the inappropriate method of calculating 
the volume of distribution. 


This investigation of comparative pharmacokinetics in rats showed 
that the biological half-life of I1 is about three times longer than that of 
I in rats. A ratio between 2 and 3 also has been demonstrated in humans. 
The volume of distribution of these drugs is quite similar. The renal 
clearance of I (32 ml/min/kg) is twice as large as that for I1 (15 ml/min/kg). 
These values are larger than the glomerular filtration rate of 8.0 ml/ 
min/kg (22) in 200-g rats, which indicates that active processes are taking 
place in urinary excretion of either drug. 


In summary, the elimination of I and I1 when given individually to rats 
can be described by one- and two-compartment open models. A 
pseudo-three-compartment model was developed to fit the plasma I1 
concentrations that form following I administration to rats. The results 
show that the pharmacokinetics and metabolism of I and I1 are qualita- 
tively similar in both humans and rats. N-Acetylprocainamide has a 
half-life two or three times longer than that of procainamide in both 
humans and rats. The percentages of unchanged drug and the metabolites 
excreted in urine following administration of either drug are qualitatively 
similar in both species. 


APPENDIX 


The concentration of N-acetylprocainamide (11) in plasma (C,) at time 


(Eq. A l )  


t after procainamide (I) administration can be fitted to: 


cp = Pe-KRr + Afe-ar + B‘e-Bt 


where the parameters P, A‘, B‘, K E ,  a!, and fi characterize the three- 
exponential equation, a n d  


D = intravenously administered dose 


kf = formation rate constant for I1 
K E  = apparent first-order elimination rate constant for I 


k12 and kzl = intercompartmental distribution rate constants for 


k1o = apparent first-order elimination rate constant from 


V c  = apparent volume of central compartment for I1 


I1 


central compartment for I1 


The area under the plasma concentration uersus time curve (AUC) 
is given by: 


P A’ B’ 
K E  a! B AUC = - + - + - (Eq. A21 


The individual pharmacokinetic parameters and constants are defined 
as follows: 


P + A’ +B’ = 0 


a! + P = kl2 + kz1 + kl0 (Eq. A7) 


k12 = a + p - k*1- k lo  (Eq. A10) 


(Eq. A l l )  


(Eq. A12) 
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Electrophoretic Properties of Sulfamethoxazole 
Microcapsules and Gelatin-Acacia Coacervates 
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Abstract The electrophoretic properties of sulfamethoxazole micro- 
capsules and the coacervates prepared by gelatin-acacia coacervation 
were investigated. The effects of the parameters in the microcapsule 
preparation, such as the coacervation pH, amount of formaldehyde used 
for hardening, and drying method of the coacervates, on the {-potential 
of the resultant microcapsules were clarified. The Buchner effect was 
observed in coacervates in an electric field, which indicated that the co- 
acervate wall was flexible. The {-potential uersus pH curves of the co- 
acervates appeared on the upper side of the plain sulfamethoxazole, while 
those of the microcapsules dried conventionally shifted to the lower side 
due to denaturation of the gelatin in the microcapsule wall, which oc- 
curred during drying. Spray drying increased the denaturation of gelatin, 
which imparted a negative charge to the spray-dried microcapsules. 
Formalization of the eoacervates refined the electrophoretic behavior 
of the microcapsules, depending on the amount of formaldehyde used. 
The {-potential of the plain sulfamethoxazole also was measured in the 
simulated coacervation solution to analyze the mechanism of coacervation 
electrophoretically. 


Keyphrases 0 Sulfamethoxazole-microcapsules and coacervates, 
electrophoretic properties compared 0 Gelatin-acacia coacervates- 
sulfamethoxazole microcapsules and coacervates compared electro- 
phoretically Microcapsules, acacia-gelatin--sulfamethoxazole, elec- 
trophoretic properties compared 0 Coacervation, acacia-gelatin-sul- 
famethoxazole coacervates and microcapsules compared electrophore- 
tically 


Much attention has been paid to the electrophoretic 
properties of microcapsules because they are decisive pa- 
rameters in stabilizing suspensions compounded with 
microcapsules (1). In addition, to prepare a microcapsule 
containing living cell fluid for use as an artificial cell, it is 
necessary to simulate the electrophoretic properties of the 
microcapsule as well as other properties such as elasticity, 
mechanical strength, and permeability (2). 


Measurement of the {-potential of microcapsules is one 
way to assess their electrophoretic properties. The <-po- 
tential of microcapsules prepared by an interfacial poly- 
condensation method was measured, and the effect of the 
pH medium on these properties was reported (3). The 


<-potential of gelatin-acacia coacervates, excluding the 
core material, also was determined (4). However, the 
electrophoretic properties of gelatin-acacia microcapsules 
containing the core material were not exhaustively inves- 
tigated. 


In the present study, <-potentials of gelatin-acacia 
coacervates and microcapsules prepared by drying were 
measured. One aim of the study was to elucidate the pa- 
rameters that affect the electrophoretic properties of the 
coacervates and microcapsules. The amount of formal- 
dehyde used for hardening, the coacervation pH, and the 
drying method of the coacervate droplets were assumed 
to be the parameters affecting this property. Another 
purpose was to manifest the coacervation process elec- 
trophoretically by measuring the changes in the (-poten- 
tials of plain sulfamethoxazole particles and gelatin-acacia 
coacervates during processing. 


EXPERIMENTAL 


Materials-The test samples used to measure the {-potential were 
micronized sulfamethoxazolel , gelatin-acacia coacervate droplets, and 
dried gelatin-acacia microcapsules of sulfamethoxazole. The gelatin- 
acacia coacervates of sulfamethoxazole were prepared as described earlier 
(5, 6). The coacervation pH was adjusted to 2.05-4.2. The coacervate 
droplets were formalized with 0,30, and 50 ml of formaldehyde. 


The conventional method of drying the coacervates (using warm air 
a t  40’) and a spray drying technique were adopted. Spray drying of the 
slurries containing coacervate droplets was conducted using a centrifugal 
wheel atomizer driven a t  40,000 rpm at  140 f loo. The preparation pro- 
cedures of the microcapsules are shown in Fig. 1. 


The  microcapsules used for measuring the {-potential were charac- 
terized by the following micromeritic properties: geometric mean di- 
ameter of 8.5-28.5 pm, wall thickness of 0.75-1.31 pm, and particle 
density of 1.02-1.19 g/cms (7). 


Dispersion Medium-The dispersion media used to measure the 


Micronized to <6 pm by a jet micronizer, Shionogi Pharmaceuticals Co., Osaka, 
Japan. 
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12 t Table I-Complexation Constants of Hydroquinone in Carbon 
Tetrachloride-Alcohol System 


10 i P 


2 t  
" ~ ~ _ _ _ _ _ _ _ _ _  ~ 


0 1 2 3 4 5 6 7 


MOLARITY OF ADDED ALCOHOLS X lo2 M 
Figure 1-Solubility of hydroquinone i n  carbon tetrachforide at  30' 
ah a function of added alcohols. Key. 0,  cyclohexanol; and 0,  isobu- 
tanol. 


Equation 11 can be rewritten as: 


[ST] - SO = a{[LT]  - 2([ST] - SO)/ + 81[LT] - 2([ST] - SO)/* 
(Eq. 14) 


Dividing both sides of Eq. 14 by [LT] -  ST] - SO) re- 
sults in: 


Plots of the left side of Eq. 15 uersus [LT] -  ST] - SO) 
give a straight line and both K1:1 and K1:2 can be calculated 
from the slope and the intercept. In using Eq. 15, all one 
needs are the easily obtainable values of [ST], SO, and 
[LTI .  


It is also apparent from its derivation that Eq. 15, in 
contrast to Eq. 5, can be used even if the concentrations 
of the complex species ( S L  and SL2) are very large. How- 
ever, when SL = L, Eq. 15 cannot be applied to calculate 
K1:l and K1:2. The standard Eq. 5 also cannot be used for 
these calculations unless one assumes that S L  >> SL2. 


The data of Chulkaratana (5) were analyzed according 


10 ' 


0 


Z 8  
X 


0 1 2 3 4 5 6 7 


[LTI - 2"STI - S o )  x 10'M 


Figure 2-Plots of Eq. 15 for determination of K1:l and K I : ~  for the 
hydroquinone-alcohol complex formation in  carbon tetrachloride. Key: 
0, cyclohexanol; and 0, isobutanol. 


Values from Eq. 15 Literature Values 
K I : ~ ,  M-' K I : ~ ,  M-' K I : ~ ,  M-' K I : ~ ,  M-' 


Cyclohexanol 10.03 217.0 10.0 210.5 
Isobutanol 1.83 169.5 1.75 167.5 


to Eq. 15 to demonstrate its utility. As shown in Fig. 1, the 
solubility of hydroquinone in carbon tetrachloride in- 
creases nonlinearly as a function of added isobutanol and 
cyclohexanol(5). This increased solubility of the phenolic 
compound was reported to be due to the formation of 1:l 
and 1:2 complexes with the added alcohols. The values for 
K1:1 and Kp2 (Table I) were calculated using a lengthy 
manipulation of the data. When the same data were ana- 
lyzed according to Eq. 15, Fig. 2 was obtained. The values 
of K1:1 and K1:2 were calculated from the intercepts and 
slopes of Fig. 2 and were in good agreement with literature 
values (Table I). 


(1) T. Higuchi and K. A. Connors, Adu. Anal. Chern. Instr., 4, 117 


(2) K. A. Connors and J. A. Mollica, Jr., J .  Pharm. Sci., 55, 772 
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Plasma Area Method in Relative 
Bioavailability Evaluation of Drugs with 
Changing Biological Half-Lives 


Keyphrases Bioavailability-method for drugs with changing bio- 
logical half-lives, alternative calculations to plasma concentration-time 
curve method Drug absorption-relative bioavailability calculated for 
drugs with changing biological half-lives, compared to plasma concen- 
tration-time curve method 0 Pharmacokinetics-relative bioavailability 
determined for drugs with changing biological half-lives, alternative 
method to plasma concentration-time curve method 


To the Editor: 
Both the rate and extent of absorption of a drug from 


dosage forms are important in biopharmaceutical and 
pharmacokinetic studies. An additional intravenous study 
often is needed to serve as a control and to obtain the dis- 
position function of the drug (1-5). In the relative bio- 
availability ( F )  study of two dosage forms, the following 
total plasma (blood or serum) area method often is used 
without an intravenous study: 


(Eq. l a )  
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where AUCl and AlJC2 are the estimated total areas 
(corrected to the same dose) under the plasma concen- 
tration-time curve from time zero to infinity obtained from 
dosage forms 1 and 2, respectively; and 0 2  are the ter- 
minal exponential rate constants obtained from the studies 
on dosage forms 1 and 2, respectively; and (t0.511 and (to.& 
are the terminal biological half-lives from dosage forms 1 
and 2, respectively. Equations l a  and l b  are commonly 
assumed to be theoretically correct and applicable to 
multicompartment systems, 


The purpose of this communication is to consider the- 
oretically the limitation of using Eq. l a  or l b  in a relative 
bioavailability study. Under certain conditions, such use 
might result in significant underestimations or overesti- 
mations of the relative bioavailability of the two dosage 
forms. 


The total amount of drug absorbed into the general 
circulation up to infinite time (Ab)  from a dosage can be 
calculated by (3): 


Ab = AUCC~TB = AUCkloVc = AUCVdaP (Eq. 2) 


where CZTB is the total body drug clearance, Klo  is the 
first-order elimination rate constant from the central 
compartment in the multicompartmental mammillary 
model system, V, is the volume of the central compart- 
ment, V d p  is the apparent volume of distribution during 
the terminal exponential phase, and p is the terminal ex- 
ponential rate constant. Therefore, the relative bioavail- 
ability ( F )  from the two dosage forms when there is a dif- 
ference in C ~ T B  between the two studies in the same subject 
can be calculated theoretically by: 


It is obvious that Eqs. 3b-3e are different from Eqs. la and 
l b .  In the absence of known causes, it is reasonable to as- 
sume that in multicompartmental mammillary models, the 
change in p during the two absorption studies is attributed 
entirely to the change in klo and that both the intercom- 
partmental distribution rate constants and V, remain the 
same (2-6). If one accepts these assumptions, then Eqs. l a  
and l b  are theoretically incorrect. The validity of Eqs. l a  
and l b  is based on the assumption that the (vdp)1 and 
( v d p  ) Z  are the same in spite of the change in p. 


A hypothetical example based on reported ampicillin 
pharmacokinetic data (7) will be used to illustrate the in- 
fluence of the change in on v d p  and thus the relative 
bioavailability data. The biexponential disposition func- 
tion (Ale-(Y1t + Ble-@lt)  of ampicillin was calculated from 
the average data in nine subjects following an intravenous 
bolus dose of 615 mg (7): 


C,(pg/ml) = 120.4e-' 4f + 12.12e-0"9L (Eq. 4) 


The (Vda)l value for ampicillin based on Eq. 4 was calcu- 


lated by the standard method [i.e.,  (vdp)1 = dose/ 
AUC1PJ. The new V d p  value for every change in p ( f10 ,  
20,30,40,60, and 80% from the original value) was calcu- 
lated by the reported method (2-5), assuming no changes 
in the central compartment volume and intercompart- 
mental transfer rate constants. The new disposition 
function (AZe-LY2t + B2e-@Zt) corresponding to the change 
in p was calculated first. The new v d p  or (vdp)p value then 
was calculated with: 


(Eq. 5) 


The details for calculating the new V d p  value are shown in 
the Appendix. The results of these theoretical studies are 
summarized in Table I. In these studies, the dose was as- 
sumed to be absorbed completely into the general circu- 
lation. The AUC should be independent of the adminis- 
tration route and absorption kinetics if the same total 
amount of drug is absorbed into the general circulation. 


In contrast to the common notion, the data in Table I 
show that v d p  might change markedly owing to the change 
in p. For example, when p was increased by 30% V d p  in- 
creased by 134%. In the literature, a change in v d p  due to 
a change in p often was assumed to result from the "real" 
physiological change in the distribution characteristics of 
the drug. In these analyses, both the central compartment 
volume (or the apparent initial volume of distribution) and 
the apparent steady-state volume of distribution were 
assumed to remain the same despite the change in p. 


The implication of these results is that the use of Eq. l a  
or l b  for calculating relative bioavailability might over- 
estimate or underestimate the true F value. If it is assumed 
that all of the drug is absorbed from the two dosage forms, 
all F values calculated based on Eq. l a  or l b  should be 
expected to be equal to 1.0 according to conventional un- 
derstanding. However, this is not the case, as shown in 
Table I (F values ranged from 0.429 to 1.919). The effect 
of the change in ,6 on V d p  was reported earlier (4,6). Nev- 
ertheless, its implication in the evaluation of relative bio- 
availability has not been investigated fully. 


These results and discussion suggest that caution should 
be used in the interpretation of experimental data using 
Eq. l a  or l b .  These two equations are theoretically valid 
if the disposition kinetics of a drug can be described ade- 
quately by the one-compartment open model. The results 
of simulation studies with other drugs indicate that the 
greater the distribution phase of a drug, the less the ac- 
curacy of these equations. 


Table I-Pharmacokinetic Analysis of AmpicillinP Resulting 
from Changes in fl  


Percent Change in A uC2. ( v d d ) P ,  
B from BI (hr d / m l  liters F b  


0' 81.2d 19.4p 1.000 
+10 61.3 23.4 0.830 
+20 43.4 30.3 0.641 
+30f 26.8 45.3 0.429 
-10 104.1 16.8 1.154 
-20 131.3 15.0 1.293 
-30 164.8 13.7 1.420 
-40 208.1 12.6 1.537 
-60 353.9 11.1 1.743 
-80 779.4 10.1 1.919 


The disposition function from the 615-mg iv dose study (7); C (pcg/ml) = 
120.4e-* 4t + 12.12e-0.39L. * Based on Eq. l a .  That is, !3 = /32 = 0.39Rr-'. That 
is, AUCl = AUCl = 81.2 (hr pg)/rnl. That is, (v,j@)l = ( v d p ) 2  = 19.4 liters. f A 
40% ur greater change resulted in unrealistic data. 
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Since it is difficult to calculate v d p  accurately based on 
plasma data from absorption studies, the use of the more 
correct equations, Eqs. 3b-3e is virtually impossible from 
a practical point of view. Therefore, Eqs. l a  and 1 b can be 
used routinely with confidence as an approximate method 
for drugs whose disposition kinetics can be approximated 
by the one-compartment model (e.g., the distribution 
phase accounts for <&lo%) and also for “high distribu- 
tion” drugs whose changes in p between the absorption 
studies are <5-10%. 


These limitations might be more critical in studies in- 
volving only one or a few subjects. The errors in the relative 
bioavailability evaluation (overestimation and underes- 
timation) due to the change in might cancel out when a 
larger population of subjects is used. Therefore, the use of 
Eq. l a  or l b  might be satisfactory under this circum- 
stance. 


The analyses (Table I) were based on the assumption 
that the elimination rate of the drug was proportional to 
its concentration in the venous plasma (almost exclusively 
used in bioavailability studies in humans). Such an as- 
sumption might be invalid since our recent studies showed 
marked arteriovenous plasma concentration differences 
for many drugs in dogs and rabbits (8). From a physio- 
logical point of view, the elimination rate of a drug from 
the body in linear pharmacokinetics should be generally 
proportional to its concentration in the arterial plasma and 
not in the venous plasma (especially for renal elimina- 
tion). 


The question of the theoretical validity of using venous 
plasma data to calculate V d B  and the steady-state volume 
of distribution ( v d s s )  based on the conventionally used 
equations has been raised (8,9). The implication of arte- 
riovenous plasma concentration differences in the bio- 
availability evaluation of drugs with a changing terminal 
half-life remains to be explored. Based on the venous 
plasma data from absorption studies alone, there is vir- 
tually no way to characterize accurately the change in the 
volume of distribution of a drug in the body when there is 
a change in p between the two studies. The uncertainty in 
the dose absorbed also contributes to the difficulty in es- 
timating the volume of distribution. 


It is of interest to note from Eq. 2 that as long as C ~ T B  
remains unchanged, the dose absorbed is proportional to 
the AUC in spite of any change in the terminal biological 
half-life or the apparent volume of distribution (used in 
a broad sense). In normal bioavailability studies in healthy 
subjects with strict protocols, it seems difficult to conceive 
that there will be any significant physiological or bio- 
chemical changes in the body that would result in a sig- 
nificant change in the real drug distribution characteristics 
and cause a noticeable change in the AUC or the biological 
half-life. The apparent steady-state volume of distribution 
is a reflection of the equilibrium partition properties of the 
drug between various tissues and plasma. Such properties 
probably would not change significantly during a relatively 
short period. 


Determination of renal clearance has been proposed as 
a means of estimating the change in the total body clear- 
ance in the relative bioavailability study (10). This method 
is particularly valuable if a drug is extensively excreted 
unchanged in the urine. 


In view of the potential arteriovenous plasma concen- 


tration differences, it was pointed out that the timed in- 
terval method for the renal clearance measurement fol- 
lowing a single dose might result in significant overesti- 
mation or underestimation of the true renal clearance of 
the drug (8 ,9 ,11) .  


Recently, a unique statistical approach for evaluating 
relative bioavailability studies involving a change in the 
terminal half-life was presented (12,13). Perhaps, a com- 
bination of the statistical (12,13) and renal clearance (10) 
approaches and the discussions presented in this com- 
munication might serve as the basis for further studies on 
this subject. 


Appendix-This discussion concerns the relationship 
between the new disposition function (Aze--olpt + Bze-Pzt) 
and the original disposition function (Ale-alt + B1e-Plt) 
assuming that there is only a change in the first-order 
elimination rate constant from the central compartment 
in the two-compartment open model system when the 
terminal exponential rate constant changes from p1 to 


The pharmacokinetic parameters from the original 
disposition function obtained after intravenous dosing can 
be calculated by (3-5): 


P Z .  


a1P1 
(kl0)l = - 


kzi  


dose v, = - 
A1 + Bi 


(Eq. A4) 
~~ 


The new elimination rate constant, (12&+, and the new 
disposition function can be obtained by (3-5): 


0%. A5) 


where pz is obtained from the terminal exponential phase 
during the absorption study. 
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Plasma Protein Binding and  Urinary 
Excretion of R -  and 5'-Epimers of a n  
Arylmalonylamino 1-Oxacephem I: 
In  Humans 


Keyphrases Stereoisomers, arylmalonylamino 1-oxacephem-new 
P-lactam antibacterial agent, renal clearance, plasma protein binding, 
humans D Renal clearance-arylmalonylamino 1-oxacephem stereo- 
isomers, effect of plasma protein binding, humans 0 Protein binding, 
human plasma-arylmalonylamino 1-oxacephem stereoisomers, effect 
on renal clearance 


To the Editor: 


A new antibacterial agent, 70- [2-carboxy-2-(4-hydrox- 
yphenyl)acetamido]-7a-methoxy- 3-"(1- methyl -lH- tet- 
razol-5-yl) thio] methyl] - 1 -oxa- 1 -dethia -3- cephem-4- 
carboxylic acid disodium salt (I), is an arylmalonylamino 
1-oxacephem derivative that was discovered and is being 
developed in our laboratories (1, 2). It consists of the R- 
and S-epimers in about a 1:l ratio. This drug is not me- 
tabolized and almost all of the dose, -90% or more, is ex- 
creted into the urine in humans (3, 4), -80% is excreted 
into the urine in rats, and 86-90% is excreted into the urine 
in dogs (5,6) when assayed by agar diffusion using Esch- 
erichia coli 7437 (2). This study was carried out to eluci- 
date the behavior of the R- and S-epimers of I in the 
human body. 


Plasma and urine samples were collected from four 
healthy volunteers after intravenous injection of 1 g of I. 
Concentrations of R -  and S-epimers in the samples were 
determined separately by high-performance liquid chro- 
matography [Nucleosil lOCls, using pH 6.0 ammonium 
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intravenous administration of 1. Each data point  giues the  mean and 
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Figure 2-Human plasma protein binding of R- (0) and S- (0 )  epimers 
of 1. T h e  epimer concentration includes both bound and unbound ep-  
irner. 


acetate buffer-methanol (11.51) for the plasma samples 
and pH 6.0 phosphate buffer containing 0.005 M tetra- 
n -butylammonium hydroxide-methanol (7525) for the 
urine samples] l. Plasma concentration-time curves for the 
R - and S-epimers indicated that the R -epimer was elimi- 
nated faster than the S-epimer (Fig. 1). The time course 
of the concentration ratio between the R - and S-epimers 
in urine also showed that the excretion of the R-epimer was 
faster than that of the S-epimerl. The renal clearances 
calculated from these data were 65.5 f 3.4 and 43.5 f 3.1 
ml/min/1.48 m2 for the R- and S-epimers, respectively. 


To investigate this difference, protein binding of these 
epimers was examined by ultrafiltration2 of fresh human 
plasma containing I a t  37". The results indicated that the 
fraction of the unbound R-epimer was higher than that of 
the S-epimer (Fig. 2). The mean unbound ratio of the R- 
epimer was 47%, and that of the S-epimer was 33%. 


The renal clearance of unbound R- and S-epimers cal- 
culated from these results was 140.2 f 8.1 and 132.2 f 7.0 
ml/min/l.48 m2, respectively. These two values were not 
significantly different. 


These results suggest that the faster excretion of the 
R-epimer of I compared to the excretion of the S-epimer 
can be explained by the larger unbound fraction of the 
former in human plasma. 


(1) M. Narisada, T. Yoshida, H. Onoue, M. Ohtani, T. Okada, T. Tsuji, 
I. Kikkawa, N. Haga, H. Satoh, H. Itani, and W. Nagata, J.  Med. Chern., 
22,757 (1979). 
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Plasma Protein Binding and  Urinary 
Excretion of R -  and 5'-Epimers of a n  
Arylmalonylamino 1-Oxacephem I: 
In  Humans 


Keyphrases Stereoisomers, arylmalonylamino 1-oxacephem-new 
P-lactam antibacterial agent, renal clearance, plasma protein binding, 
humans D Renal clearance-arylmalonylamino 1-oxacephem stereo- 
isomers, effect of plasma protein binding, humans 0 Protein binding, 
human plasma-arylmalonylamino 1-oxacephem stereoisomers, effect 
on renal clearance 


To the Editor: 


A new antibacterial agent, 70- [2-carboxy-2-(4-hydrox- 
yphenyl)acetamido]-7a-methoxy- 3-"(1- methyl -lH- tet- 
razol-5-yl) thio] methyl] - 1 -oxa- 1 -dethia -3- cephem-4- 
carboxylic acid disodium salt (I), is an arylmalonylamino 
1-oxacephem derivative that was discovered and is being 
developed in our laboratories (1, 2). It consists of the R- 
and S-epimers in about a 1:l ratio. This drug is not me- 
tabolized and almost all of the dose, -90% or more, is ex- 
creted into the urine in humans (3, 4), -80% is excreted 
into the urine in rats, and 86-90% is excreted into the urine 
in dogs (5,6) when assayed by agar diffusion using Esch- 
erichia coli 7437 (2). This study was carried out to eluci- 
date the behavior of the R- and S-epimers of I in the 
human body. 


Plasma and urine samples were collected from four 
healthy volunteers after intravenous injection of 1 g of I. 
Concentrations of R -  and S-epimers in the samples were 
determined separately by high-performance liquid chro- 
matography [Nucleosil lOCls, using pH 6.0 ammonium 
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Figure 2-Human plasma protein binding of R- (0) and S- (0 )  epimers 
of 1. T h e  epimer concentration includes both bound and unbound ep-  
irner. 


acetate buffer-methanol (11.51) for the plasma samples 
and pH 6.0 phosphate buffer containing 0.005 M tetra- 
n -butylammonium hydroxide-methanol (7525) for the 
urine samples] l. Plasma concentration-time curves for the 
R - and S-epimers indicated that the R -epimer was elimi- 
nated faster than the S-epimer (Fig. 1). The time course 
of the concentration ratio between the R - and S-epimers 
in urine also showed that the excretion of the R-epimer was 
faster than that of the S-epimerl. The renal clearances 
calculated from these data were 65.5 f 3.4 and 43.5 f 3.1 
ml/min/1.48 m2 for the R- and S-epimers, respectively. 


To investigate this difference, protein binding of these 
epimers was examined by ultrafiltration2 of fresh human 
plasma containing I a t  37". The results indicated that the 
fraction of the unbound R-epimer was higher than that of 
the S-epimer (Fig. 2). The mean unbound ratio of the R- 
epimer was 47%, and that of the S-epimer was 33%. 


The renal clearance of unbound R- and S-epimers cal- 
culated from these results was 140.2 f 8.1 and 132.2 f 7.0 
ml/min/l.48 m2, respectively. These two values were not 
significantly different. 


These results suggest that the faster excretion of the 
R-epimer of I compared to the excretion of the S-epimer 
can be explained by the larger unbound fraction of the 
former in human plasma. 
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Plasma Protein Binding and  Urinary 
Excretion of R -  and S-Epimers of a n  
Arylmalonylamino 1-Oxacephem 11: 
In Rats 


Keyphrases 0 Stereoisomers, arylmalonylamino 1-oxacephem-new 
p-lactam antibacterial agent, renal clearance, plasma protein binding, 
rats Renal clearance-new antibacterial agent, arylmalonylamino 
1-oxacephem stereoisomen, effect of plasma protein binding, comparison 
of rat and human data Protein binding, rat plasma-new antibacterial 
agent, arylmalonylamino 1-oxacephem stereoisomers, effect on renal 
clearance, comparison with human data 


To the Editor: 
In Part I (l), we reported that the R-epimer of an aryl- 


malonylamino 1-oxacephem derivative {7&[2-car- 
boxy -2- (4-hydroxypheny1)acetamidoj -7a- methoxy- 
3- [ [ (l-methyl-1H-tetrazol-5-yl)thio]methyl] -1- oxa-l- 
dethia-3-cephem-4-carboxylic acid disodium salt (I)], a 
new antibacterial agent, was excreted into the urine faster 
than the S-epimer in humans. It was concluded that the 
phenomenon was due to the difference between the 
binding of human plasma protein with R-  and S-ep- 
imers. 


To confirm that conclusion, studies were carried out 
using rats in which I was not metabolized and was excreted 
mainly into the urine, as in humans. The extent of protein 
binding of the R- and S-epimers in rat plasma was mea- 
sured by the same method described previously (1). Unlike 
in humans, there was no difference in plasma protein 
binding between the R- and S-epimers in rats (Fig. 1). 
Thus, taking into consideration our conclusion in the 
previous study (11, the urinary excretion rates of the R- and 
S-epimers in rats should be the same. 


To confirm this prediction, the plasma concentration 
and urinary excretion rate of the R- and S-epimers after 
intravenous injection of I (70 mg/kg) to three rats were 
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Figure 1-Rat plasma protein binding of R- (0) and S- (@) epimers 
of I .  
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Figure 2-Plasma concentration of R- (-0) and S- (- -0)  epimers 
after intravenous administration of I .  Each data point gives the mean 
and standard deviation of three rats. 


measured by the method described previously (1). The 
plasma concentration-time curves for the R- and S-ep- 
imers were the same (Fig. 2), and the renal clearance values 
were 0.85 f 0.04 and 0.83 f 0.04 ml/min/100 g for the R- 
and S-epimers, respectively. As expected, there was no 
difference in the renal clearance in rats between these 
epimers. 


These stereospecific differences in plasma protein 
binding have been reported for other drugs (2-5) and vary 
between species. 


In uitro studies’ of the protein binding of I in dog plasma 
showed that the percentage of the unbound fraction of the 
R-epimer was larger than that of the S-epimer; these re- 
sults were similar to those on human plasma protein 
binding. This finding suggested that urinary excretion of 
the R-epimer was faster than that of the S-epimer in dogs, 
as in humans, and this prediction was confirmed experi- 
mentally’. 


These findings support the previous conclusion that the 
difference in the urinary excretion rate between R- and S- 
epimers of I in humans is due to the difference in protein 
binding of human plasma between these epimers. 
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Electrophoretic Properties of Sulfamethoxazole 
Microcapsules and Gelatin-Acacia Coacervates 
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Abstract The electrophoretic properties of sulfamethoxazole micro- 
capsules and the coacervates prepared by gelatin-acacia coacervation 
were investigated. The effects of the parameters in the microcapsule 
preparation, such as the coacervation pH, amount of formaldehyde used 
for hardening, and drying method of the coacervates, on the {-potential 
of the resultant microcapsules were clarified. The Buchner effect was 
observed in coacervates in an electric field, which indicated that the co- 
acervate wall was flexible. The {-potential uersus pH curves of the co- 
acervates appeared on the upper side of the plain sulfamethoxazole, while 
those of the microcapsules dried conventionally shifted to the lower side 
due to denaturation of the gelatin in the microcapsule wall, which oc- 
curred during drying. Spray drying increased the denaturation of gelatin, 
which imparted a negative charge to the spray-dried microcapsules. 
Formalization of the eoacervates refined the electrophoretic behavior 
of the microcapsules, depending on the amount of formaldehyde used. 
The {-potential of the plain sulfamethoxazole also was measured in the 
simulated coacervation solution to analyze the mechanism of coacervation 
electrophoretically. 


Keyphrases 0 Sulfamethoxazole-microcapsules and coacervates, 
electrophoretic properties compared 0 Gelatin-acacia coacervates- 
sulfamethoxazole microcapsules and coacervates compared electro- 
phoretically Microcapsules, acacia-gelatin--sulfamethoxazole, elec- 
trophoretic properties compared 0 Coacervation, acacia-gelatin-sul- 
famethoxazole coacervates and microcapsules compared electrophore- 
tically 


Much attention has been paid to the electrophoretic 
properties of microcapsules because they are decisive pa- 
rameters in stabilizing suspensions compounded with 
microcapsules (1). In addition, to prepare a microcapsule 
containing living cell fluid for use as an artificial cell, it is 
necessary to simulate the electrophoretic properties of the 
microcapsule as well as other properties such as elasticity, 
mechanical strength, and permeability (2). 


Measurement of the {-potential of microcapsules is one 
way to assess their electrophoretic properties. The <-po- 
tential of microcapsules prepared by an interfacial poly- 
condensation method was measured, and the effect of the 
pH medium on these properties was reported (3). The 


<-potential of gelatin-acacia coacervates, excluding the 
core material, also was determined (4). However, the 
electrophoretic properties of gelatin-acacia microcapsules 
containing the core material were not exhaustively inves- 
tigated. 


In the present study, <-potentials of gelatin-acacia 
coacervates and microcapsules prepared by drying were 
measured. One aim of the study was to elucidate the pa- 
rameters that affect the electrophoretic properties of the 
coacervates and microcapsules. The amount of formal- 
dehyde used for hardening, the coacervation pH, and the 
drying method of the coacervate droplets were assumed 
to be the parameters affecting this property. Another 
purpose was to manifest the coacervation process elec- 
trophoretically by measuring the changes in the (-poten- 
tials of plain sulfamethoxazole particles and gelatin-acacia 
coacervates during processing. 


EXPERIMENTAL 


Materials-The test samples used to measure the {-potential were 
micronized sulfamethoxazolel , gelatin-acacia coacervate droplets, and 
dried gelatin-acacia microcapsules of sulfamethoxazole. The gelatin- 
acacia coacervates of sulfamethoxazole were prepared as described earlier 
(5, 6). The coacervation pH was adjusted to 2.05-4.2. The coacervate 
droplets were formalized with 0,30, and 50 ml of formaldehyde. 


The conventional method of drying the coacervates (using warm air 
a t  40’) and a spray drying technique were adopted. Spray drying of the 
slurries containing coacervate droplets was conducted using a centrifugal 
wheel atomizer driven a t  40,000 rpm at  140 f loo. The preparation pro- 
cedures of the microcapsules are shown in Fig. 1. 


The  microcapsules used for measuring the {-potential were charac- 
terized by the following micromeritic properties: geometric mean di- 
ameter of 8.5-28.5 pm, wall thickness of 0.75-1.31 pm, and particle 
density of 1.02-1.19 g/cms (7). 


Dispersion Medium-The dispersion media used to measure the 


Micronized to <6 pm by a jet micronizer, Shionogi Pharmaceuticals Co., Osaka, 
Japan. 
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Figure 1-Processing of microencapsulation of sulfamethoxazole by 
gelatin-acacia complex coacervation. 


{-potential were distilled water, the equilibrium coacervation solution, 
and the buffer solution with pH values of 2.5-9.5 and a constant ionic 
strength of 0.1. 


Electrophoretic Mobility Measurements-The electrophoretic 
mobility of the test samples was measured2. The test particles, weighing 
-10 mg, were dispersed in the required medium that was thermally 
controlled at  23' and were fed into the electrophoretic cell. The specific 
conductance of each medium was measured to select the most suitable 
voltage to apply across the electrophoresis cell. 


The mobilities of 20 particles were measured for each batch, and the 
electrophoretic mobility was the average value of three batches. The 
experimental variations are indicated by the standard deviation bars in 
the figures. The {-potentials were calculated by inserting the mobilities 
into the Helmholtz-Smoluchowski equation: 


{ = 9.0 x 104 (y) (Eq. 1) 


where {is the {-potential (millivolts), q is the viscosity of the suspending 
liquid (poises), D is the dielectric constant of the suspending liquid, and 
u is the electrophoretic mobility of the suspended solid (micrometers per 
second per volt per centimeter). The factor 9.0 X 104 converts electrostatic 
units and micrometers to practical electrical units and centimeters, re- 
spectively. 


{-Potential Measurement of Sulfamethoxazole Particles-To 
elucidate the change in the electrophoretic property of sulfamethoxazole 
particles during formation of the gelatin-acacia coacervates, the {-po- 
tential of sulfamethoxazole particles was measured in the medium ad- 
justed to simulate the coacervation procedure (Fig. 1). Five grams of 
sulfamethoxaxole particles was suspended in 200 ml of distilled water 
and in 200 ml of acacia-gelatin solution (3%) thermally controlled at 50' 
with stirring at  620 rpm. 


The pH of each suspension was adjusted gradually to 2.5-4.0 by 
dropwise addition of diluted acetic acid. The particles were filtered after 
the suspension was cooled to 5.0' by immersion in a water bath. A portion 
of the separated particles was redispersed in the filtrate of each suspen- 
sion, and the {-potentials were measured. 


RESULTS AND DISCUSSION 


t-Potential of Sulfamethoxazole Particles-The pH profiles of the 
{-potential of sulfamethoxazole strongly depended on the type of polymer 
contained in an acetic acid solution (Fig. 2); the curves showed a positive 


2 Z e t e r - M e t e r ,  N e w  York, NY 10028. 
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pH OF MEDIUM 
Figure 2-{-Potentiat ofsulfamethoxazole partieles in aeetic acid so- 
lution containing acacia and gelatin. Key (composition of medium): 0, 
acetic acid; 0 ,  acetic acid and acacia; and A, acetic acid and gelatin. 


charge at  the lower pH range of 3.35 but a negative charge at  the higher 
range. The apparent isoelectric point of sulfamethoxazole in this system 
was determined to be 3.35, which is slightly lower than the literature value 
of 3.8. This difference may be due to adsorption of acetate ions onto the 
sulfamethoxazole particle, which converts the surface charge slightly to 
the negative. 


The {-potential in gelatin solution revealed a positive charge at  pH 
2.8EL4.8. The pH value of 4.8, which intercepted the line of {= 0, coin- 
cided with the isoelectric point of the gelatin used in this study. This 
result indicated that the gelatin molecules were adsorbed onto the sul- 
famethoxazole particles and formed a protective film around them. Thus, 
the particles with adsorbed gelatin molecules could behave as a gelatin 
molecule. 


The {-potential of sulfamethoxazole in acacia solution was negative, 
which resembled the electrophoretic behavior of acacia. The absolute 
values of the {-potential decreased slightly with decreasing pH values, 
which can be attributed to the conversion of acacia from the salt form 
(such as calcium, magnesium, and potassium arabiate) to the free acid 
form. 


The filtered sulfamethoxazole particles were redispersed directly, 
without washing, in distilled water for measuring the {-potential. Other 
measurements were made using particles washed with 100 ml of distilled 
water after filtration (Fig. 3). The <-potential of the washed particles from 
acetic acid solution was -30 mv in distilled water with a pH of 4.4a4.52. 
The absolute values of the {-potential in distilled water was slightly lower 
than in the acetic acid solution with a corresponding pH. This finding 
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Figure 3-Effect of washing on the {-potential of the sulfamethoxazole 
particle in distilled water. Key (type of separated solution): rn and 0, 
acacia without washing and washed with 100 ml of water, respectively; 
A and A, gelatin without washing and washed with 100 ml of water, 
respectively; and 0, acetic acid washed with 100 ml of water. 


Journal of Pharmaceutical Sciences I 303 
Vol. 70, No. 3, March 1981 







c A 
-30 l " l ' " ' I r ' ' l L  


3.0 3.6 4.0 
pH OF MEDIUM 


Figure 4-{-Potential of the coacervate in the supernate of the co- 
aceruation solution. Key: o, original sulfamethoxazole; and a, coac- 
eruate. 


indicated the release of acetate ions from the particle surface by 
washing. 


The washing effect also reflected on the {-potentials of particles sep- 
arated from acacia and gelatin solutions. The difference in the {-potential 
curves of particles in gelatin solution before and after washing is seen in 
Fig. 3. Little difference was found at  pH 4.0-5.0, which indicated stronger 
adsorption of gelatin onto the particle than at  lower pH. These results 
suggest that, during preparation of coacervates by the present method, 
acacia molecules first are adsorbed onto sulfamethoxazole particles and 
then the coacervates are formed on the particle surface by adding gelatin 
and adjusting to the required pH. 


{-Potential of Coacervate Droplets of Sulfamethoxazole-The 
{-potentials of the coacervate droplets were measured in the supernate 
of the coacervation solution and compared with those of the plain sul- 
famethoxazole particle. In an electric field, the coacervate droplets were 
deformed to an ellipsoid, the short axis of which was parallel to the di- 
rection of the electric field. This phenomenon, the Buchner effect (8), 
indicated that the coacervate wall was flexible. 


Although the {-potential versus pH curve of the coacervates was above 
that of plain sulfamethoxazole, the form of the profile was almost the 


pH OF MEDIUM 
Figure 6-Effect of coaceruation pH on the {-potential of coacervates 
in the buffer solution. The buffer medium was p 0.1, Key (coacervation 
pH): A, 2.5; 0, 3.5; and 0, 4.0. The original sulfamethoxazole is indi- 
cated by a solid dot (0). 


same (Fig. 4). This result suggests that the electrophoretic property of 
coacervates is affected by the encapsulated sulfamethoxazole. The pH 
profile of sulfamethoxazole almost coincided with the profile in the acetic 
acid solution (Fig. 2), suggesting that adsorption of the polymer to the 
particle was slight and that the polymer did not exist in the supernate. 
This finding proved that a complete phase separation occurred. 


The unformalized coacervate droplets were removed from the system 
with various pH values and were redispersed in distilled water. The 
change in the {-potential of the coacervates was derived by replacing the 
medium resembling the plain sulfamethoxazole adsorbed with gelatin 
(Figs. 3 and 5). Thii gelatin-like property of the coacervates suggests that 
the adsorbed gelatin on the particle surface can determine the electro- 
chemical property of the coacervate. The formalized coacervate showed 
almost the same change in the {-potential as appeared in the unformal- 
ized coacervate. This result suggests that the gelatin was not denatured 
by formalization at  this stage. 


The coacervates removed from the system at  various pH values were 
washed sufficiently with distilled water and were redispersed in the buffer 
solution, which was adjusted to various pH values and a constant ionic 
strength of 0.1. The pH profile of {-potentials of the coacervates and plain 
sulfamethoxazole in buffer are represented in Fig. 6. The {-potential 
versus pH curves of the coacervates appeared mainly on the upper side 
relative to the plain particles. These results indicate that the electrical 
property of gelatin-acacia coacervates is controlled by gelatin and the 
encapsulated core material. With decreasing coacervation pH, the pH 


I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
3.0 3.5 4.0 


pH OF COACERVATION SOLUTION 
Figure !$-Effect of washing on the {-potential of the coaceruate in 
distilled water. Key: 0, formalized coacervate with 15 ml of formalde- 
hyde and washing with 1200 ml of water; 0, unformalized coaceroate 
without washing; A, unformalized coacervate washed with 100 ml of 
water; and 0, unformalized coacervate washed with 1200 ml of 
water. 
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pH OF MEDIUM 
Figure 7-Effect of coaceruation pH on the {-potential of microcapsules 
in the buffer solution. The buffer medium was p 0.1. Key (coacervation 
pH): A, 2.5; 0, 3.5; and 0 ,  4.0. The original sulfamethoxazole is indi- 
cated by a solid dot (a). 


304 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 3, March 1981 







- - - - - - -- - --- -- 


2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 
pH OF MEDIUM 


Figure 8-Effect of formalization and spray drying on the {-potential 
of microcapsules in buffer solution. The buffer medium was I( 0.1. Key 
(milliliters of formaldehyde used): 0 , O ;  0,30; and A, 50. The spray- 
dried microcapsules are indicated by an open box (0). 


profile of the {-potential shifted more to the right, and the isoelectric 
point moved toward that of gelatin. The {-potential-pH profile of the 
coacervate prepared at pH 2.5 almost coincided with that of gelatin. 


{-Potential of Microcapsules-The unformalized microcapsules 
prepared by drying the coacervates in the conventional way were dis- 
persed in the coacervation medium adjusted to the required pH. The 
distinct difference in the pH profiles of the microcapsules from those of 
the corresponding coacervates is illustrated in Fig. 7. All of the curves 
moved to the left of the plain particles. This result was due to the dena- 
turation of gelatin in the microcapsule wall which occurred during drying. 
Because of the gelatin denaturation, the contribution of acacia compared 
to that of gelatin became dominant, resulting in the negative charge. 


The {-potential in the buffer solution uersus pH curves of the micro- 
capsules prepared at  pH 3.5 was a function of the amount of formalde- 
hyde used for hardening (Fig. 8). Upon formalizing with 30 ml of form- 
aldehyde, the {-potential curve shifted to the upper side relative to that 
of the unformalized microcapsule. This result might be due to liberation 
of acacia from the microcapsule wall, which was induced by formalization. 
Thies (9) reported that glutaraldehyde treatment liberated acacia from 
gelatin-acacia coacervates. The release of acacia from the microcapsule 
wall caused the electrical equilibrium on the microcapsule surface to 
become unbalanced. The gelatin remaining in the microcapsule wall 
imparted a positive charge to the microcapsule, whereas stronger for- 


malization, e.g., 50 ml of formaldehyde, pushed the {-potential curve to 
the negative side for all of the pH ranges. In this case, the denaturation 
of gelatin compared to the liberation of acacia contributed to the negative 
conversion of the {-potential. The electrical property of the microcapsule 
was determined by a balance of the two actions. The spray-dried micro- 
capsules revealed negative {-potentials a t  pH 2.5-9.5. The pH profile of 
the spray-dried microcapsules as seen in Fig. 8 resembled that of acacia 
in Fig. 2. The denaturation of gelatin, which occurred during drying, led 
to this result. The denaturation of gelatin in the microcapsule wall and 
the liberation of acacia from the wall were the main parameters used to 
determine the electrical properties of the microcapsules. 


Conclusion-The mechanism of coacervation with gelatin and acacia 
was elucidated electrochemically, and the parameters that affected the 
electrophoretic properties of the microcapsules were found by measuring 
the {-potential of plain sulfamethoxazole, coacervates, and microcap- 
sules. 


Coacervation occurred on the surface of the sulfamethoxazole particle 
with adsorbed acacia, as shown by the fact that the 1-potential-pH profile 
of the coacervates coincided with that of gelatin. 


The Buchner effect appeared when the coacervates were in an electric 
field, thus indicating that the wall of coacervates was flexible. 


With decreasing coacervation pH, the {-potential-pH curve of the 
coacervate became closer to that of gelatin and eventually coincided with 
it a t  pH 2.0. 


The denaturation of gelatin caused by formaldehyde did not occur at 
the coacervation stage but during the succeeding drying process, which 
completed the hardening of the microcapsules. 


Used as a hardening agent, formaldehyde can release acacia from the 
coacervate and denature the gelatin left in the microcapsule, thus de- 
termining the {-potentials of the formalized microcapsules. When the 
amount of formaldehyde was insufficient or sufficient for denaturing the 
gelatin, the {-potential of the formalized microcapsules became higher 
or lower, respectively, than that of the unformalized microcapsules. 


The gelatin in the coacervates was denatured during spray drying, 
which depressed the {-potentials of the dried microcapsules. 
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Abstract A sensitive fluorescence procedure for the determination 
of indapamide in plasma and whole blood was developed. The procedure 
requires preextraction of the biological sample followed by continuous- 
flow analysis. The assay is sensitive to indapamide levels of 25 ng/ml in 
plasma and blood. A linear response from 25 to 200 ng/ml is observed. 
The procedure also can be used to measure urinary levels of indapamide. 
The assay has been used to obtain whole blood and plasma level curves 
from subjects receiving 2.5 mg of indapamide. 


Keyphrases 0 Indapamide-semiautomated assay in biological fluids 
0 Fluorometry-analysis, indapamide in plasma, whole blood, and urine 
0 Antihypertensives-semiautomated assay of indapamide in biological 
fluids 


Indapamidel [4-chloro-N-( 2-methyl-1-indolinyl) -3- 
sulfamoylbenzamide, I] is a new and potent antihyper- 
tensive agent (1-4) undergoing extensive multicenter 
clinical studies in the United States. The drug is well tol- 
erated and efficacious at  single daily doses of 2.5 mg in 
patients with mild to moderate hypertension. 


A fluorometric procedure for the measurement of I in 
urine. was described previously (5). A semiautomated 
method for the measurement of I levels in plasma and 
blood now has been developed to support clinical phar- 
macology studies. A procedure for whole blood was nec- 
essary since I is taken into the red cells in uitro within 5 
min of incubation at  a ratio to plasma of approximately 9:l 
(6). These fluorescence procedures require preextraction 
of drug from the biological sample followed by continu- 
ous-flow analysis. Urine samples also can be analyzed by 
a modification of the method for plasma. The procedure 
is capable of analyzing 10 biological sampledhr. 


EXPERIMENTAL 


Materials and Instruments-All fluorescence measurements were 
done using a spectrophotofluorometer2 equipped with a flowcell. Tub- 
ings3r4 resistant to organic solvents were used for organic solutions. Lysis 
of blood was accomplished with a sonifier5 equipped with a cup horn6. 


Indapamide7 (I) was used without further purification. A stock solution 
of I in methanol (100 pg/ml) was used to prepare standards for the cali- 
bration curves in the different biological fluids. Methanol, ethylene di- 


I 


USV 2555. 
Aminco-Bowman flowcell of Suprasil quartz with an integral debubbler (4 mm 


o.d.), American Instrument Co., Silver Spring, Md. 
AutoAnalyzer sampler IV, proportioning pump 111, temperature controller, 


AA I1 manifold, and Acidflex pump tubing (used for organic solutions), Technicon 
Instruments Corp., Tarrytown, N.Y. 


Scientific Instruments Corp., Pleasantville, N.Y. 
Model 185 cell disruptor, Branson Sonic Power Co., Danbury, Conn. 
Heat Systems-Ultrasonics, Plainview, N.Y. 
USV Laboratories, Tuckahoe, N.Y. 


chloride, and n-heptane were distilled in glass*. Formaldehydeg, 37% 
solution, was filtered prior to use. TromethaminelO (11) and all other re- 
agentsg were analytical reagent grade. Anhydrous ether3 was preextracted 
twice with 0.1 N NaOH (ether-sodium hydroxide, 2:3 v/v) on the day of 
use. The buffer used for the continuous-flow system was 0.05 M 11, pH 
8.5. A solution of 0.1 N NaOH and 1.0 M NaCl was used for the final 
aqueous extraction in the continuous-flow system. 


Whole Blood Assay-Whole blood samples (10 ml) were lysed by 
sonication for 5 min with a sonifier equipped with a water-jacketed cup 
horn. A 3.0-ml aliquot of each sample was pipetted into a polytef-lined, 
screw-capped culture tube (16 X 150 mm), and I was extracted into 6.0 
ml of ether. The ethereal layer was transferred to a 15-ml conical tube 
and evaporated to dryness" under a gentle nitrogen stream at 30'. The 
dried extract was stored a t  -20° until analysis on the continuous-flow 
system. 


Prior to analysis, each sample was reconstituted in 0.75 ml of heptane 
and vortexed vigorously. Three milliliters of 0.5 M I1 buffer was added, 
and the samples were vortexed and centrifuged. Approximately 1 ml of 
the aqueous phase was transferred to a sample cup, and the solution was 
sampled automatically at  a rate of 10 samplesh  with a sample-to-wash 
ratio of 1:6. Figure 1 is a diagram of the continuous-flow system for the 
measurement of whole blood concentrations of I. The drug was extracted 
from the sample into ethylene dichloride, heptane was added, and the 
organic phase was mixed with a solution of 0.1 N NaOH and 1.0 M NaCl. 
The alkaline solution was heated in three 10.6-ml heating coils immersed 
in a 75O oil bath. 


After addition of formaldehyde (5), the fluorescence of I was measured 
in a flowcell with an integral debubbler. The spectrophotofluorometer 
was set a t  an excitation wavelength of 284 nm and an emission wavelength 
of 356 nm; the photomultiplier slit was adjusted to 2 rnm. The baseline 
was adjusted to approximately zero, with all of the reagents pumped 
through their respective lines and water pumped through the sample line. 
The change in the relative fluorescence intensity was measured by sub- 
tracting the baseline value from the peak height of each I sample. 


Standards ranging from 25 to 400 ng of I/ml were prepared in duplicate 
and assayed with the samples. A standard was assayed approximately 
every fifth sample cup. 


To  determine the precision of the assay, I standards of 100 ng/ml (n 
= 19) or 200 ng/ml (n = 20) in whole blood were prepared on the day of 
assay and assayed as unknown samples over 2 months. 


Plasma Assay-The procedure used for I in plasma was identical to 
that used for whole blood except that sample lysis was not necessary. 


Urine Assay-The ether extracts of urine samples were washed with 
8 ml of a 0.1 M sodium phosphate buffer, pH 7.4, prior to being evapo- 
rated to dryness. In all other steps, the assay of urine samples for I was 
identical to that for plasma samples. 


Assay of Clinical Specimens-Samples of whole blood and plasma 
were obtained from healthy adult male subjects given an oral solution 
of 2.5 mg of I. Samples were taken at 0.5,1.0,2.0,3.0,4.0, and 6.0 br after 
dosing. 


RESULTS AND DISCUSSION 


As described in detail previously (5), a fluorescent product with exci- 
tation and emission wavelengths of 284 and 356 nm, respectively, is 
produced when indapamide (I) is heated in an alkaline solution. The 
described procedures employ the same principles as those of the previ- 
ously described method for determining the concentration of I in urine 
but with considerable modification. 


Assay Conditions-Ether, which was used previously, is not readily 
amenable to continuous-flow systems due to its high volatility. Thus, 


* Burdick & Jackson Laboratories, Muskegon, Mich. 
Fisher Chemical, Fair Lawn, N.J. 


lo Sigma Chemical Co., St. Louis, Mo. 
N-Evap, Organomation Associates, Shrewsbury, Mass. 
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Figure 1-Continuous-flow 
system for the measurement of 
indapamide concentrations in 
preextracted biological sam- 
ples. 
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ethylene dichloride was selected as the solvent since it also efficiently 
extracted I from biological fluids. This change in solvent necessitated the 
following modifications of the extraction procedure. Indapamide was 
extracted from biological fluids a t  physiological pH instead of pH 2. 
On-line separation of an organic-aqueous mixture is achieved more ef- 
fectively when a four-point phase separator is used rather than a five- 
point phase separator. Addition of heptane to the ethylene dichloride- 
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Figure 2-Chart tracing for a blood standard curve 


water mixture reversed the relative specific gravities of the organic and 
aqueous phase and thus permitted the use of the four-point phase sep- 
arator. A three-point glass fitting was used just prior to the heating coils 
to prevent any small organic droplets from reaching these coils. Any in- 
troduction of organic material into the heating coils would drastically 
disturb the hydraulics of the system. 


Due to the endogenous proteinaceous material present in plasma and 
whole blood and the sensitivity requirements of the assay, it was not 
possible to sample blood or plasma directly. Nor was it possible to sample 
an organic extract since evaporation over time would be a problem. 
Therefore, the samples were extracted with ether, evaporated to dryness, 
and stored at - 2 O O .  In this state, the samples were stable for at least 48 
hr. The use of heptane to dissolve the residue from the extracts initially 
was necessary since endogenous materials that coextracted with I into 
ether were not soluble in the aqueous buffer. 


Standard Curves-A typical chart recording for whole blood stan- 
dards is shown in Fig. 2. A linear response for 25-400 ng of I/ml was ob- 
served for whole blood standards. Since the plasma I levels were pro- 
portionately lower, standards only up to 200 ng/ml were assayed. These 
solutions also showed a linear response. The net fluorescence intensities 
obtained for each concentration of I in plasma and whole blood are shown 
in Table I. Similar results were obtained for urine samples. A comparison 
of standards prepared with human plasma and whole blood and dog 
plasma and whole blood showed no difference. Thus, either source was 
used for the standards. 


Standards of 100 and 200 ng of I/ml in whole blood were assayed as 
unknown samples. The 19 100-ng/ml standards were assayed to be 104.7 
f 14.1 ng/ml (mean f SD), and the 20 200-ng/ml standards were assayed 
to be 208.9 f 28.1 ng/ml (mean f SD). 


Sensitivity-Plasma and whole blood samples from 15 human subjects 
were assayed for I using the described procedure. The predose samples, 
as well as samples obtained during the day from subjects administered 
a placebo, gave an indication of the variability of the plasma and whole 
blood banks. The resultant fluorescence intensities were calculated to 


Table I-Fluorescence Intensities of Indapamide Standards in 
Whole Blood and Plasma 


Indapamide Concentration, ng/ml 
Sample 25 50 100 200 400 


Plasma 5.6 f 1.2O 11.5 f 1.8 21.8 f 4.6 45.4 f 5.4 - 
Blood 5.3 f 0 . 2  8.9 f 1.4 18.9 f 1.4 37.1 f 1.4 72.4 f 8.8 


0 Mean f SD (n = 4). 
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Figure 3-Elood (w, A, +) and plasma (0, A, 0 )  concentrations of 
indapamide following oral administration of 2.5 mg of indapamide to 
three subjects. 


be 2.0 f 4.4 and 6.5 f 5.7 ng/ml (mean f SD)  of apparent I, respectively. 
Based on these values, the sensitivity limit was considered to be -20 ng 
of I/ml in both plasma and whole blood. A similar sensitivity limit was 
determined for urine samples. 


Specificity-The specificity of the previous procedure for the mea- 
surement of unchanged I in urine was examined by high-pressure liquid 
chromatography (HPLC) and TLC (5). Blood concentrations of I from 
human subjects given the drug were measured both by the method de- 
scribed in this report and by an HPLC method that is under development. 
There was no significant difference between the measured I concentra- 
tions from the two procedures. 


Applicability to Clinical Samples-The plasma and whole blood 
concentrations of I from three subjects who received an oral dose of 2.5 
mg of I are shown in Fig. 3. The described procedure is adequate for 
monitoring the I concentrations in these media. 


This method has several advantages over the previous method (5). The 
number of samples assayed per day is approximately doubled. The sen- 
sitivity is improved because of the better reproducibility of a continu- 
ous-flow system. In particular, a stable baseline is obtainable since the 
flowcell is not manipulated between samples as is a normal fluorescence 
cell during a manual procedure. 
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MASAHIRO KOIKE, KOICHI SUGENO, and MASAHARU HIRATA 
Received February 28,1980, from Shionogi Research Laboratories, Shionogi & Co., Ltd., Fukushima-ku, Osaka, 553 Japan. 
publication September 4,1980. 


Accepted for 


Abstract Sulfoconjugation and glucuronidation of salicylamide by 
isolated hepatocytes were examined with various concentrations.of sal- 
icylamide and sodium sulfate. The ratio of sulfate t~ glucuronide formed 
changed markedly, depending on the concentrations of salicylamide and 
inorganic sulfate in the medium. The apparent K ,  value of sulfoconju- 
gation for salicylamide was 0.006 mM, while its V,, value varied de- 
pending on the concentration of inorganic sulfate (e.g., 2.1 and 0.5 
nmoles/min/1O6 cells at 1.2 and 0.5 mM inorganic sulfate, respectively). 
The K ,  and V,, values of glucuronidation for salicylamide were 0.19 
mM and 1.28 nmoles/min/106 cells, respectively, in the absence of sodium 
sulfate. Glucuronidation was suppressed in the presence of inorganic 
sulfate. The suppression could be attributable to the competitive con- 
sumption of salicylamide by sulfotransferase. Additional in uiuo exper- 
iments revealed that an extra amount of salicylamide markedly lowered 
the blood inorganic sulfate levels of rats. The significance of the finding 
is discussed in conjunction with the variation of the V,,, value of sulfo- 
conjugation with the inorganic sulfate concentration. 


Keyphrases Salicylamide-sulfoconjugation and glucuronidation 
Hepatocytes, rat-sulfoconjugation and glucuronidation of salicyl- 


amide Sulfate, inorganic-effect on conjugation and glucuronidation 
of salicylamide 0 Conjugation-salicylamide, effect of inorganic sul- 
fate 


Numerous phenolic compounds are competitively me- 
tabolized in uiuo to their conjugates by glucuronidation 
with uridine diphosphate (UDP) glucuronic acid and sul- 


foconjugation with 3‘-phosphoadenosine-5’-phosphosul- 
fate. In many cases, the sulfate is formed mainly at  a low 
dosage while the glucuronide predominates at a high 
dosage (1-3). 


This dose-dependent reversal of the sulfate/glucuronide 
ratio was explained by Levy and Matsuzawa (1) as follows. 
Blood inorganic sulfate can be consumed temporarily if a 
large amount of phenolic drug is administered and the 
3’-phosphoadenosine-5’-phosphosulfate available for 
sulfoconjugation is limited, leading to a lower proportion 
of sulfate in the total conjugates. In fact, capacity-limited 
suppression of the sulfoconjugation can be overcome by 
simultaneous administration of drugs and sodium sulfate 
or cysteine to the subjects (4,5). However, Weitering et al. 
(6) reported that the injection of phenol to rats did not 
lower the inorganic sulfate levels enough to elucidate the 
phenomenon. They emphasized that the reversed conju- 
gation ratio found in in viuo experiments could be attrib- 
utable to the different K,  values of sulfotransferase and 
UDPglucuronyltrans ferase. 


The problems underlying these controversial proposals 
may be settled by a simpler in uitro experiment using an 
isolated hepatocyte system. Isolated hepatocytes maintain 
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Plasma Protein Binding and  Urinary 
Excretion of R -  and S-Epimers of a n  
Arylmalonylamino 1-Oxacephem 11: 
In Rats 


Keyphrases 0 Stereoisomers, arylmalonylamino 1-oxacephem-new 
p-lactam antibacterial agent, renal clearance, plasma protein binding, 
rats Renal clearance-new antibacterial agent, arylmalonylamino 
1-oxacephem stereoisomen, effect of plasma protein binding, comparison 
of rat and human data Protein binding, rat plasma-new antibacterial 
agent, arylmalonylamino 1-oxacephem stereoisomers, effect on renal 
clearance, comparison with human data 


To the Editor: 
In Part I (l), we reported that the R-epimer of an aryl- 


malonylamino 1-oxacephem derivative {7&[2-car- 
boxy -2- (4-hydroxypheny1)acetamidoj -7a- methoxy- 
3- [ [ (l-methyl-1H-tetrazol-5-yl)thio]methyl] -1- oxa-l- 
dethia-3-cephem-4-carboxylic acid disodium salt (I)], a 
new antibacterial agent, was excreted into the urine faster 
than the S-epimer in humans. It was concluded that the 
phenomenon was due to the difference between the 
binding of human plasma protein with R-  and S-ep- 
imers. 


To confirm that conclusion, studies were carried out 
using rats in which I was not metabolized and was excreted 
mainly into the urine, as in humans. The extent of protein 
binding of the R- and S-epimers in rat plasma was mea- 
sured by the same method described previously (1). Unlike 
in humans, there was no difference in plasma protein 
binding between the R- and S-epimers in rats (Fig. 1). 
Thus, taking into consideration our conclusion in the 
previous study (11, the urinary excretion rates of the R- and 
S-epimers in rats should be the same. 


To confirm this prediction, the plasma concentration 
and urinary excretion rate of the R- and S-epimers after 
intravenous injection of I (70 mg/kg) to three rats were 
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Figure 1-Rat plasma protein binding of R- (0) and S- (@) epimers 
of I .  
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Figure 2-Plasma concentration of R- (-0) and S- (- -0)  epimers 
after intravenous administration of I .  Each data point gives the mean 
and standard deviation of three rats. 


measured by the method described previously (1). The 
plasma concentration-time curves for the R- and S-ep- 
imers were the same (Fig. 2), and the renal clearance values 
were 0.85 f 0.04 and 0.83 f 0.04 ml/min/100 g for the R- 
and S-epimers, respectively. As expected, there was no 
difference in the renal clearance in rats between these 
epimers. 


These stereospecific differences in plasma protein 
binding have been reported for other drugs (2-5) and vary 
between species. 


In uitro studies’ of the protein binding of I in dog plasma 
showed that the percentage of the unbound fraction of the 
R-epimer was larger than that of the S-epimer; these re- 
sults were similar to those on human plasma protein 
binding. This finding suggested that urinary excretion of 
the R-epimer was faster than that of the S-epimer in dogs, 
as in humans, and this prediction was confirmed experi- 
mentally’. 


These findings support the previous conclusion that the 
difference in the urinary excretion rate between R- and S- 
epimers of I in humans is due to the difference in protein 
binding of human plasma between these epimers. 


(1) H. Yamada, T. Ichihashi, K. Hirano, and H. Kinoshita, J. Pharm. 
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Lowering Blood Urea Nitrogen with Amino 
Acid Supplementation 


Keyphrases 0 Amino acids-dietary supplementation, effects on blood 
urea nitrogen, rats 0 Colorimetry-analysis of blood urea nitrogen in rat 
serum, effects of dietary supplementation of amino acids 0 Dietary 
supplements-amino acids, effects on blood urea nitrogen in rats 


To  the Editor: 
Currently we are studying the effect of dietary supple- 


mentation of amino acids on alcohol metabolism. The 
amino acid augmentation is based on the fasting plasma 
profile theory (1-4). 


From past work on the metabolic effects of such diets, 
it was found that they produce a significant decrease in 
serum cholesterol in rats (5) and humans (6). This observed 
effect was theorized to be the result of an increase in net 
protein utilization. 


While conducting the present study, we discovered that 
dietary supplementation of limiting amino acids to the 
third level (L-lysine, L-tryptophan, and L-threonine), 
based on the fasting plasma profile theory, produces a 
significant decrease in serum blood urea nitrogen. 


Twenty male Sprague-Dawley rats, 250-275 g, were 
randomly divided into two groups of 10 each. Following a 
2-week acclimation period during which both groups were 
fed a standard animal'dietl, the first group was fed a diet 
supplemented to the third level of limiting amino acid 
(Table I) for 2 additional weeks while the second group was 
maintained on the standard diet for the same period. 


On the 15th day, blood collected by orbital sinus punc- 
ture was centrifuged, and the serum was retained. Blood 
urea nitrogen was measured colorimetrically by means of 
a standard kit2. 


The serum blood urea nitrogen for the treatment group 
was 8.45 f 0.36 mg/100 ml (mean f S E M )  while that of the 
control group was 15.1 f 0.49 mg/100 ml. A Student t test 
showed a significant difference to the p < 0.01 level. 


It is theorized that the observed effects are caused by an 
increase in net protein utilization when the limiting amino 
acids are supplemented, based on the fasting plasma 
profile theory, and that this increase reduces the amount 
of underutilized amino acids that are otherwise available 
for energy metabolism or storage. The end result is a de- 
crease in the amount of nitrogenous metabolic products 
(wastes) in serum. 


Purina Laboratory Chow. 
zSigrna Chemical Co., St. Louis, MO 63178. 


Table I-Amino Acid-Supplemented Animal Feed to the Third 
Level of Limiting Amino Acid 


Ingredient Amount, 70 


L-Tr yptophan 0.309 
L-Threonine 0.341 
L-Lysine 1.667 
Standard feed 97.683 


This type of dietary supplementation can be of invalu- 
able assistance to those who must reduce their blood urea 
nitrogen levels (dialysis patients, nephrotic patients, 
etc.). 


The major advantage of the augmentation of the body's 
amino acids based on the fasting plasma profile theory is 
that it removes a lot of guesswork and establishes a hard 
mathematical formula for preparing the diet. 
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Effect of Variation of Plasma Oleic Acid 
Concentration on Relative Concentration of 
Free and Protein Bound Warfarin 


Keyphrases 0 Warfarin-effect of plasma oleic acid concentration on 
free and protein bound warfarin concentration, protein binding, humans 


Protein binding-binding of warfarin to human serum albumin, effect 
of plasma oleic acid concentration on free and bound warfarin concen- 
tration Oleic acid-effect of concentration on free and protein bound 
warfarin concentration, humans 


T o  the Editor: 
Although the normal serum concentrations of free fatty 


acids are between 0.3 and 0.9 mmolehter (l),  pathological 
conditions such as diabetes, reduced renal function, cardiac 
infarction, and bacterial disease (2-12) can cause sub- 
stantial increases in free fatty acid levels. In some cases, 
these levels can exceed 5 mmoles/liter. Moreover, the in- 
creasingly widespread use of intravenous fat emulsions 
probably is associated with significant variation in the 
serum concentrations of free fatty acids. 


Schwartz et al. (13) recently demonstrated that varia- 
tion in the concentration of oleic acid, a major component 
in the free fatty acids found in serum, can cause significant 
variations in the protein binding of salicylate. Similar 
findings concerning the effect of variation in free fatty acid 
concentrations on the protein binding of drugs were pub- 
lished previously (14-17). 
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The recent advances made in the area of immunoassays 
of biologically active compounds have had a significant 
impact on the health care community. Highly specific and 
sensitive immunological procedures are available that 
provide picomole sensitivity on a routine basis (1). In most 
of these assays, a radioactive label is used to monitor the 
competitive binding between a labeled and unlabeled li- 
gand for receptor sites on specific antibodies (2,3). The 
analysis of this competitive binding allows the construction 
of a standard curve representing the antibody-bound ra- 
dioactivity as a function of the unlabeled ligand concen- 
tration. This approach gives the analyst the capacity to 
quantitate, quite specifically, the ligand (analyte) of in- 
terest as well as the ability to detect it at  far lower con- 
centrations than is possible by other chemical methods due 
to the extremely sensitive methods available for the de- 
tection of radioactivity. 


The major limitations of radioimmunoassay result from 
the biological hazards of radioactivity, the difficulties as- 
sociated with various licensing requirements, the safe 
disposal of wastes, and the expense and inconvenience 
incurred by the short radioactive lifetimes of the labels (4, 
5). 


A rather recent development in the area of immunoas- 
says provides a major alternative to the use of radiolabels. 
Fluorescent probes are used in place of the radiolabels, and 
their spectral characteristics are monitored as a function 
of the immunoreactions between the ligand and the anti- 
body. In the foreseeable future, this new immunological 


technique may possibly be comparable in both selectivity 
and sensitivity to current radioimmunoassay methods. 


In this overview of fluorescence immunoassay, the 
methods currently in use will be evaluated and likely future 
developments will be discussed. 


NATURE OF IMMUNE RESPONSE AND ITS ROLE IN 
PHARMACEUTICAL ANALYSIS 


The ability of an organism to synthesize specialized 
proteins (antibodies) directed against an invasive foreign 
material forms the basis of the immune response. Anti- 
bodies are a group of structurally related proteins known 
as the immunoglobulins (Ig). There are five major classes 
of immunoglobulins: IgG, IgM, IgA, IgD, and IgE. The 
predominant immunoglobulin in serum, IgG, is usually 
associated with the majority of antigen binding activity in 
the highly diluted solutions used in sensitive immunoas- 
says (6). The IgG class has an average molecular weight of 
150,000-160,000 daltons. The structure of IgG proteins is 
characterized by four polypeptide chains, two of which are 
heavy or H-chains (50,000 daltons) and two of which are 
light or L-chains (20,000 daltons). Each immunoglobulin 
molecule contains two binding sites at  the terminal regions 
of the H-chains. These binding sites contain variable 
amino acid sequences and appear to be responsible for the 
binding specificity common to antibodies (7). 


The immunoglobulins are produced by the B-lympho- 
cytes. The process of the maturation and development of 
these lymphocytes into cells capable of antibody produc- 
tion is not understood fully (8). 


The ability of a molecule to elicit an immunoresponse 
appears to depend on its size. Molecules with molecular 
weights below l0,OOO daltons usually are not immunogenic. 
Most proteins, large polymeric carbohydrates, and lipo- 
polysaccharides are immunogenic. The antibodies devel- 
oped in response to these molecules recognize and bind to 
only a small section of the antigen. Antibody specificity 
usually involves no more than six or seven amino acid 
residues of a large protein-like structure (9). 
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The investigations performed by Landsteiner (10) de- 
termined that an immunoresponse can be elicited from an 
organism to small molecules (haptens) coupled to proteins 
or polypeptides; antibodies to the hapten-protein conju- 
gate, capable of recognizing part of the hapten even when 
it was not coupled to the carrier protein, could be gener- 
ated. Drugs and their metabolites normally are not im- 
munogenic unless they are first coupled covalently to 
macromolecules. 


The human and bovine serum albumins and, recently, 
some synthetic polypeptides have been used as carriers for 
drugs and other small molecules. However, the population 
of antibodies directed toward the hapten-carrier protein 
conjugate is not homogeneous. Rather, some of the anti- 
bodies produced may recognize portions of the protein 
carrier and some recognize the hapten itself. Only those 
antibodies directed toward the hapten will be useful in 
immunoassay, and it is the heterogeneity of the isolated 
antibodies that makes it difficult to describe the immu- 
noreactions quantitatively in terms of simple competitive 
equilibria. 


To synthesize a drug-carrier protein conjugate, the drug 
must have at least one functional group available for at- 
tachment to the carrier reactive sites under suitable 
chemical conditions. The coupling of the drug to the carrier 
must not cause significant structural alterations or dena- 
ture the carrier itself. Low molecular weight substances 
have commonly been conjugated to proteins through car- 
boxyl, amino, and hydroxyl groups (11). A detailed review 
of the procedures and applications of various conjugation 
procedures was published by Beiser et a2. (12). Selected 
methods and applications of pharmaceutical interest will 
be discussed briefly. 


The selection of a conjugation procedure for the coupling 
of a hapten with a protein is determined by the available 
functional groups on the hapten, the stability and solu- 
bility of the hapten, and the mode of attachment to the 
protein (13). The most common sites of conjugation on a 
protein molecule are the amino groups of the N-terminal 
and lysine residues, the carboxyl groups of the C-terminal 
and aspartic and glutamic acid residues, the phenolic 
functions of tyrosine, and the secondary NH group of 
histidine. The sulfhydryl groups of cysteine also have been 
used for conjugation (13). 


An example of a conjugative procedure used to couple 
a hapten with a carboxyl group to a protein carrier is pro- 
vided by the production of the D-lysergic acid-poly(i- 
lysine) conjugate. The agent used to initiate the reaction 
was a water-soluble carbodiimide, l-ethyl-3-(3-dimeth- 
ylaminopropy1)carbodiimide hydrochloride (14,15). The 
D-lysergic acid was bonded covalently by its carboxyl 
function to the eamino group of poly(L-lysine) (mol. wt. 
95,000). The resulting condensation resulted in amide 
bond formation to give a poly(L-1ysine)-lysergamide 
conjugate (16). 


Haptens with aromatic amino groups may be conjugated 
to proteins by a relatively simple diazotization procedure. 
The reaction involves conversion of the aromatic amine to 
a diazonium salt that couples to the aromatic and other 
side chains of a protein carrier (17,18). Nitrous acid reacts 
with the aromatic amine to form the diazonium salt; a t  
alkaline pH, the diazonium salt couples to the tyrosine, 
histidine, and tryptophan residues of the carrier through 


the azo group (19). An important pharmaceutical appli- 
cation of this procedure is the conjugation of chloram- 
phenicol to bovine y-globulin (20). In these experiments, 
the nitro group of the chloramphenicol was reduced to an 
amino group prior to conjugation. 


Assuming that a suitable procedure for conjugation can 
be found, it should be possible to obtain specific antibodies 
for any biologically active compound. However, there is a 
certain amount of cross-reactivity of the hapten-directed 
antibodies with molecules of structure similar to that of 
the hapten. This problem is not significant in most in- 
stances, but it should be considered in any immunoassay. 
Another difficulty that may arise is the binding of the ac- 
tive compound by nonantibody proteins in the test serum, 
urinary, or cerebrospinal fluid solution. Again, this prob- 
lem may not be significant, but the possibility of inter- 
ference should be recognized. 


FLUORESCENT PROBES 


The fluorogenic molecules used to  label covalently the 
ligands (drugs) and, in some instances, the antibodies in 
a fluorescence immunoassay fall into the category of flu- 
orescent probes (21, 22). Fluorescent probes are small 
molecules whose fluorescent properties are altered sub- 
sequent to interactions with proteins or other macromol- 
ecules (23). The proper selection of a fluorescent label and 
the technique employed for its conjugation to the ligand 
are critical to the sensitivity and selectivity obtained in an 
immunoassay. 


In quantitative immunoassays using fluorescent labels, 
the fluorochrome should possess several basic chemical and 
spectroscopic properties. The labeled ligand should have 
a relatively high water solubility because immunoassays 
are usually carried out in the aqueous environment of bi- 
ological samples (ie., serum, urine, and cerebrospinal 
fluid). The presence of certain potentially reactive func- 
tionalities on the fluorochrome facilitates its conjugation 
to the ligand. Derivatives of the fluorochromes containing 
reactive groups such as acid chlorides, isothiocyanates, and 
diazonium salts can be used for the conjugation of the label 
to the ligand. A major concern in labeling a ligand with a 
fluorescent probe is the alteration of the specificity of the 
ligand for its antibody. The site of conjugation should 
provide maximum exposure of the functional groups 
necessary for antibody recognition. The stability and 
shelflife are also important. 


The spectral characteristics of greatest importance in 
the selection of a fluorochrome are the molar absorptivity 
a t  the selected excitation wavelength, the quantum yield 
of fluorescence of the labeled species, the spectral regions 
of absorption and emission of radiation, and the Stokes 
shift. Ideally, the fluorescent label should have a high 
molar absorptivity in the visible region of the electro- 
magnetic spectrum, which is well removed from the exci- 
tation spectra of proteins and other endogenous interfer- 
ences normally present in biological fluids. The emission 
wavelength should also lie well in the visible region with 
Stokes shift (displacement of the fluorescence maximum 
from the longest wavelength absorption maximum) of at 
least 50 nm. A high quantum yield of fluorescence in the 
antibody-bound or free labeled ligand is also desirable. 


Due to the rather stringent requirements placed on 
fluorescent labels used for monitoring immunoreactions, 
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only a few substances have given satisfactory results. The 
labels most commonly used are fluorescein isothiocyanate 
and several rhodamine dyes (usually tetramethylrhoda- 
mine isothiocyanate). Fluorescein isothiocyanate has a 
relatively high quantum yield and can be conjugated to 
drugs and other ligands under fairly mild conditions (24). 
Gentamicin, as the free base, was conjugated with fluo- 
rescein isothiocyanate at alkaline pH, forming fluores- 
ceinthiocarbamyl gentamicin. The reaction mixture was 
purified on a Sephadex column, with unreacted gentamicin 
being well separated from the fluorescein-labeled genta- 
micin. Polarization and quenching immunoassays (uide 
infra) were performed with the conjugate, and the results 
were comparable in sensitivity to bioassay and radioim- 
munoassay (25,26). 


Recent work in ligand labeling with fluorescent metal 
chelates has opened a new area of research in fluorescent 
probes (27). The chelates of rare earth metals have unique 
emission characteristics in that, upon excitation of aro- 
matic portions of the ligand of the lanthanide complex, the 
energy of excitation is efficiently transferred to the lan- 
thanide ion. This causes f-f transitions, which produce 
narrow, almost line-like emission bands with fairly long 
decay times (1 wsec-1 msec). In addition, the rare earth 
chelates possess large quantum yields in combination with 
very large Stokes shifts. The excitation region of these 
chelates is fairly broad and allows excellent sensitivity and 
selectivity, enabling the use of fairly wide bandwidths for 
excitation and narrow bandwidths for emission. With the 
proper combination of a rare earth chelate and fluoro- 
metric technique, sensitive immunoassays can be devel- 
oped that avoid interferences commonly encountered in 
the immunoassay. 


The development of new fluorescent probes for fluo- 
rescent immunoassay, having greater environmental 
sensitivity and larger Stokes shifts than observed in the 
compounds in use currently, should provide a fertile area 
for research. 


HOMOGENEOUS FLUORESCENCE IMMUNOASSAY 


Fluorescence immunoassays can be divided into two 
broad classes, homogeneous and heterogeneous. The ho- 
mogeneous technique differs from the heterogeneous 
primarily in that fluorometric quantitation of the ligand 
can be performed without separating the free ligand from 
the antibody-bound labeled ligand. The elimination of the 
need to separate bound and free ligands, normally present 
in other immunoassays (e.g., radioimmunoassay) repre- 
sents a major advantage of fluorescence immunoassay and 
provides the opportunity for a simple, fast, and reliable 
quantitation. This procedure can be performed because 
of the different microenvironments in which the free and 
bound ligands reside and their effects on the spectral 
characteristics of the label. 


In the aqueous environment, the free labeled antigen 
experiences strong polarizing forces and perhaps hydrogen 
bonding forces at acidic or basic functional groups as a 
result of interactions with water molecules. These forces 
are exerted to different degrees in the ground and excited 
states of the labeled antigen because these states have 
different dipole moments. Moreover, certain functional 
groups on the fluorophore are free to rotate subsequent to 
the fluorescent transition in water. On the other hand, in 


the hydrophobic environment of an antibody binding site, 
the dielectric strength is low, and rotation of functional 
groups on the fluorophore is severely restricted. The sol- 
vation and restricted rotational freedom of the antibody- 
bound labeled antigen usually cause this species to fluo- 
resce at shorter wavelengths than the free labeled antigen 
because the relative stabilization of the excited state of the 
latter, by strong electrostatic and electromeric interactions, 
is much greater than in the bound labeled antigen. In ad- 
dition, the weak solvation and restricted rotational free- 
dom of the antibody-bound probe also cause the bound 
probe to fluoresce more intensely than the free probe be- 
cause the bound probe is somewhat shielded from internal 
and external conversions, which compete with fluorescence 
for deactivation of the excited state. 


If the fluorescent emission spectrum of the bound la- 
beled ligand is shifted sufficiently from that of the free 
labeled ligand, the resulting spectroscopic measurements 
can be used for quantitation without a separation step. In 
essence, a spectroscopic separation rather than a chemical 
separation is employed and contributes to the simplicity 
and speed of analysis. 


Despite their speed and simplicity, homogeneous assays 
may not always provide the sensitivity needed in certain 
solutions due to the endogenous background fluoresence 
of the proteinaceous material present. The Rayleigh and 
Raman scattering caused by the high protein content in 
solution and the intrinsic fluorescence from certain amino 
acid residues are major obstacles to a sensitive assay. 


The three major types of homogeneous fluorescence 
immunoassay are quenching and enhancement, fluores- 
cence polarization, and reactant-labeled fluorescence 
immunoassay. Each technique will be discussed briefly and 
evaluated for its sensitivity and reliability. 


Reactant-Labeled Fluorescence Immunoassay-An 
interesting variation of homogeneous immunoassay in 
which neither the labeled ligand per se nor the antibody- 
labeled ligand complex is fluorescent is seen in reactant- 
labeled fluorescence immunoassay. The technique is based 
on the quantitation of the fluorescent product resulting 
from the enzymatic cleavage of the unbound labeled li- 
gand. The fluorescent probe labeling the ligand exists in 
nonfluorescent form as long as it is linked covalently to the 
ligand through the bond that will be cleaved by enzymatic 
action (usually hydrolysis). If the labeled ligand is com- 
plexed by specific antibodies prior to hydrolysis, it cannot 
act as a substrate for the enzyme. The complex prevents 
any reaction between the enzyme and labeled ligand and 
thereby inhibits fluorescence from excited labels (28,29). 
The unavailability of the conjugated substrates (drug and 
label) to the enzyme is reversed by the presence of free 
unlabeled ligand (in the unknown solution), which then 
competes with the labeled conjugate for the antibody 
binding sites. The labeled ligand thus displaced from its 
antibody binding site can be cleaved by the enzyme, li- 
berating the fluorescent form of the label. The extent of 
fluorescence is proportional to the free ligand or analyte 
concentration. 


A reactant-labeled fluorescence immunoassay was ap- 
plied to the analysis of gentamicin in human serum (30). 
Gentamicin is a widely used antibiotic but, in systemic 
therapy, the range between therapeutic and potentially 
toxic serum levels is narrow (31). Thus, a fast, reliable, and 
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sensitive procedure was developed based on reactant- 
labeled fluorescence. The assay uses umbelliferyl @-ga- 
lactoside as a label for gentamicin and the enzyme b-ga- 
lactosidase to obtain fluorescent products. Gentamicin is 
conjugated to P-galactosylumbelliferone to form a non- 
fluorescent substrate. Hydrolysis of the uncomplexed 
p-galactosylumbelliferone-gentamicin conjugate is cata- 
lyzed by the enzyme P-galactosidase to form a fluorescent 
product, the free 7-hydroxycoumarinate anion. However, 
hydrolysis is inhibited if the gentamicin conjugate is bound 
with specific antigentamicin antibodies since steric hin- 
drance from the antibody prevents the enzyme from acting 
on the substrate. The extent of fluorescence is proportional 
to the gentamicin concentration, and the sensitivity is 
comparable to that of radioimmunoassay. 


Quenching and Enhancement Immunoassays- 
Fluorescent quenching methods are based on the observed 
reduction in fluorescence intensity of a labeled ligand upon 
complexation by the antibody. The exact mechanism has 
not been established, but it is generally agreed that it in- 
volves alteration of the electronic structure and perhaps 
of the vibrational composition of the electronic states of 
the labeled antigen upon binding by the antibody. Alter- 
ation in the electronic distribution of the bound labeled 
ligand can enhance the probability of radiationless deac- 
tivation of the first excited singlet state. A possible ex- 
planation might be the vibrational coupling of the bound 
labeled ligand with the normal vibrational modes of the 
protein, a process that could enhance the rate of internal 
conversion to the ground state. If the extent of quenching 
of the bound labeled ligand is great enough, the competi- 
tive binding of unlabeled ligand for antibody binding sites 
can be quantitated by measuring the fluorescence of the 
displaced labeled ligand. 


Serum gentamicin levels were studied using a quenching 
fluoroimmunoassay (32). With fluorescein-labeled gen- 
tamicin as the labeled conjugate, the degree of quenching 
of its fluorescence emission upon binding by an antibody 
was related to the concentration of unlabeled gentamicin 
present, using a standard curve. 


A novel homogeneous quenching assay was developed 
for morphine that employs a fluorescein-labeled antigen 
and a quencher-labeled antibody (33). The mechanism of 
quenching is associated with energy transfer from the 
fluorescent donor (fluorescein) to the fluorescent acceptor 
(rhodamine) or quencher. The emission of the fluores- 
cein-labeled antigen is quenched by the rhodamine-labeled 
antibody upon complexation. The effectiveness of energy 
transfer quenching is dependent on the overlap of the 
fluorescence and absorption spectra of the donor and ac- 
ceptor, respectively. The efficiency of energy transfer is 
also dependent on the distance between the bound labeled 
antigen and the energy acceptor (quencher) in the anti- 
body complex. The quenching can be prevented by com- 
petitive binding with unlabeled antigen, which forms the 
basis for the analysis of the latter. The sensitivity obtained 
for the morphine assay was in the nanomolar range, but 
unusually high purity requirements for antibodies and 
background interference, as well as the difficulty and 
tedium of labeling of both antigen and antibody, limit 
routine applications. 


Fluorescent enhancement assays are similar to those of 
the quenching techniques in that there is a change in flu- 


orescent intensity upon antibody binding. The difference 
is that there is an increase in the quantum yield of ligand 
fluorescence upon binding. This phenomenon was reported 
for the binding between fluorescein-labeled thyroxine and 
its antibodies (34). In this case, the proposed mechanism 
is a decrease in the thyroxine-induced spin-orbital coupling 
between the singlet and triplet states of fluorescein. This 
decrease is a result of the alteration of the separation be- 
tween the lowest excited singlet states of fluorescein and 
thyroxine, induced by the low polarity of the antibody 
binding site (35). The sensitivity is less than that of typical 
radioimmunoassay procedures. 


Fluorescence Polarization-Fluorescence polariza- 
tion provides valuable information on the interactions of 
antigens or haptens with antibodies. The use of fluores- 
cence polarization in the study of macromolecules was 
initiated by Weber in 1952 (36) and has become a major 
tool in structural investigations of the binding of small 
molecules to proteins. 


The physical principle underlying fluorescence polar- 
ization immunoassay involves the selective elimination of 
light waves whose electric vectors do not all lie in a single 
plane. This is accomplished by passing the exciting light 
through a polarizing filter. The resulting polarized radia- 
tion selectively excites those molecules whose absorption 
transition moments have a significant component in the 
plane of the electrical vector of the exciting beam (37). As 
a result, molecules excited with polarized light emit ra- 
diation that is polarized in the same direction as the ex- 
citing light, to a degree that is inversely related to the 
amount of Brownian rotation occurring during the interval 
between absorption and emission of light (38). In other 
words, the photoselected molecules originally excited by 
polarized light and having fairly small volumes (k, free 
labeled antigen) have a rotational relaxation time that is 
much shorter than their fluorescence decay time and thus 
become completely randomized before fluorescing. 
Therefore, little polarized fluorescence is displayed. 
However, photoselected molecules having very large vol- 
umes, such as antibody proteins and their complexes, ro- 
tate at a rate comparable to or slower than the rate at 
which they fluoresce. Consequently, randomization of the 
fluorescent transition moments does not occur in the large 
molecules, and substantial fluorescence polarization is 
observed. 


Upon the binding of an antigen to an antibody, there is 
a reduction or a restriction in the rotational Brownian 
motion as well as an increase in the overall size of the flu- 
orescent label. This result causes considerable polarization 
of the fluorescence along or perpendicular to the optical 
axis of the excitation polarizer, depending on whether the 
fluorescence transition moment of the molecule is oriented 
closer to 0 or 90' to the transition moment associated with 
the absorption band excited. The case where the transition 
moments for excitation and fluorescence are parallel (or 
nearly so) will be discussed first. 


If a second polarizing film (emission polarizer) is placed 
between the fluorescing sample and the photodetector of 
the fluorometer with its optical axis perpendicular to that 
of the polarizing film between the lamp and the sample, 
the highly polarized fluorescence from the antibody-la- 
beled ligand is filtered to a much greater extent than is the 
unpolarized fluorescence from the same concentration of 


472 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 5, May 1981 







free labeled ligand excited under the same conditions. If 
the optical axes of both polarizers are parallel and the ex- 
citation and emission moments of the fluorophore are 
parallel (or nearly so), the emission polarizer passes rela- 
tively more radiation from the bound labeled ligand than 
from the free labeled ligand to the detector, because the 
polarized emission is concentrated along the optical axis 
of each polarizer while the unpolarized emission is dis- 
persed over all angles to the optical axis of the emission 
polarizer and some, therefore, is filtered. Regardless of the 
orientation of the optical axis of the second polarizer with 
respect to the first, the fluorescence intensity registered 
by the detector, ideally, should be the same for unpolarized 
fluorescence (ie., that of the free labeled ligand). In the 
case of parallel absorption and fluorescence transition 
moments, the intensity of the polarized fluorescence (that 
from the bound labeled ligand) measured when the optical 
axes of the polarizers are parallel (F”)  should be greater 
than when the optical axes of the polarizers are perpen- 
dicular (FL). In the case of perpendicular absorption and 
fluorescence transition moments, Fit = F I also for the free 
labeled ligand (unpolarized fluorescence) and FII  < FI for 
the bound labeled ligand (polarized fluorescence). 


The degree of polarization may be defined as: 
tEq. 1) 


Ideally, at any given excitation wavelength, p should be 
a property of a pure species and be invariant with respect 
to concentration. For a free labeled ligand, F I I  = FI so that 
p = 0 at all excitation wavelengths. For a bound labeled 
ligand, it is possible to have > p > -I/!, depending on 
the excitation wavelength. However, if a system is con- 
trived that originally contains all antibody-bound labeled 
ligand and to which the free unlabeled ligand is added so 
that some labeled ligand is displaced, the relative increase 
in unpolarized fluorescence and decrease in polarized 
fluorescence from the solution cause a net decrease in p ,  
as calculated from its operational definition in Eq. 1. If all 
of the labeled ligand is ultimately displaced from the 
antibody complex, p falls to zero. The fact that, depending 
on the extent of binding of the labeled ligand, the degree 
of polarization varies between some nonzero value and zero 
permits the construction of a calibration curve of the de- 
gree of fluorescence polarization versus the concentration 
of unlabeled ligand and permits execution of a homoge- 
neous immunoassay. 


The use of polarized fluorescence for the quantitation 
of several antigen-antibody reactions was reported (39, 
40). Two assays of particular interest were those applied 
to the measurement of serum levels of gentamicin and 
phenytoin (41,42). Fluorescein-labeled ligands were used 
in both cases, and the polarization measurements corre- 
lated well with other instrumental and bioassay tech- 
niques. 


The use of fluorescence polarization as a routine method 
for drug level determinations has been limited not only by 
the expense of the instrumentation but also by the energy 
losses due to the polarizing films and the background in- 
terferences that result in reduced sensitivity. In addition, 
the nonlinear polarization response as a function of con- 
centration, combined with the nonlinear relationship in 
competitive binding between antigen and antibody, se- 
verely limits the dynamic range of the procedure (5). 


TIME-RESOLVED FLUORESCENCE IMMUNOASSAY 
All of the fluorometric techniques considered so far have 


been based on the measurement of the intensity of fluo- 
rescence produced under “steady-state” conditions. 
Steady-state fluorometry is derived from the excitation 
of the sample with a continuous temporal output of ex- 
citing radiation. The lamps and their power supplies used 
in conventional fluorometers are sources of continuous 
radiation. After a short initial excitation of the sample, a 
steady state is established in which the rate of excitation 
of the analyte is equal to the sum of the rates of all pro- 
cesses deactivating the lowest excited singlet state (fluo- 
rescence, internal conversion, and intersystem crossing). 
When the steady state is established, the observed fluo- 
rescence intensity becomes time invariant and produces 
the temporally constant signal which is measured by the 
photodetector. 


However, with the development of modern electro- 
optics, it has become possible to excite a potentially fluo- 
rescent sample with a thyratron-pulsed flash lamp that 
emits its radiation in bursts of 2-10-nsec duration with 
-0.2 msec between pulses. A fluorescent sample excited 
with such a pulsed source does not fluoresce continuously. 
Rather, its fluorescence intensity, excited by a single pulse, 
decays exponentially until the next pulse again excites the 
sample. The pulsed source acts much as does a mechanical 
chopper in phosphorimetry. The fluorescence from the 
sample excited by the pulsed source can be represented, 
after detection, as a function of time on a fast sampling 
oscilloscope or on an r-y plotter used with a multichannel 
pulse analyzer. 


The former approach is called stroboscopic fluorometry, 
and the latter is called time-correlated single-photon 
counting. In either case, fluorescences with decay times 
much longer than the lamp pulse characteristics can be 
treated in the same way that radioactive decay curves are 
analyzed. A semilogarithmic plot of fluorescence intensity 
against time yields a straight line (or a series of overlapping 
lines if several fluorophores have comparable but not 
identical decay times) whose slope is proportional to the 
decay time and whose vertical axis intercept can be com- 
pared with that of a standard solution of the fluorophore 
for quantitative analysis. However, if the lamp pulse time 
and the decay time of the fluorophore are comparable, the 
lamp characteristics must be subtracted from the observed 
signal to obtain the fluorophore’s decay characteristics. A 
computer is usually used to solve a deconvolution integral 
representing the composite temporal characteristics of the 
lamp and the fluorophore output (43-45). 


The pulsed-source (time-resolved) method effects 
spectroscopic separation of the emissions of several fluo- 
rescing species by taking advantage of differences in their 
decay times rather than their fluorescence intensities. 
Thus, several overlapping fluorescences, such as those of 
free and antibody-bound ligand, can be quantitated si- 
multaneously. Although the stroboscopic approach is 
useful when a single species has a decay time much longer 
than other species in the solution, it does not give good 
results when several species in solution have fairly close 
(within an order of magnitude) decay times. In this regard, 
time-correlated single-photon counting is indispensable. 
Time-resolved fluorometry is also extremely useful for the 
elimination of interferences due to Rayleigh and Raman 


Journal of Pharmaceutical Sciences I 473 
Vol. 70, No. 5. May 1981 







scatter. Since these processes occur on a time scale of 
10-14-10-13 sec, they are faster than the lamp pulse time 
and are not represented in the signal that reaches the de- 
tector. 


Time-resolved fluorometry has not reached its full po- 
tential. Its routine use in fluorescence immunoassay is 
inhibited by the high cost and complexity of the instru- 
mentation, but this situation could change in the fore- 
seeable future. 


HETEROGENEOUS ASSAYS 


Most research and development of fluorescence im- 
munoassays have been concentrated in the area of homo- 
geneous assay. However, a major limitation in the appli- 
cation of homogeneous fluoroimmunoassay to  the thera- 
peutic monitoring of drug concentrations in human serum 
is the presence of endogenous interferences. This limita- 
tion usually takes the form of a loss of fluorometric sensi- 
tivity due to the presence of a high background emission 
from endogenous proteins and other species and a small 
signal from the analyte. Notwithstanding the speed and 
simplicity of the homogeneous assays, it is occasionally 
desirable to circumvent the problem of background 
emission by physically separating the antibody-ligand 
complex from other species in the sample before fluoro- 
metric quantitation. This approach forms the basis of 
heterogeneous immunoassay. 


The separation of the antibody-bound-ligand complex 
from free ligands and other fluorescing species present in 
solution can be accomplished by various methods that are 
already in use in radioimmunoassay. These methods are 
based on the chemical or immunological differences be- 
tween the free ligand and the antibody-ligand complex. 
The charge, size, solubility, and surface configuration 
(immunological specificity) are among the determinants 
used to separate the free and bound forms (1). 


Some techniques that are most commonly encountered 
in heterogeneous methodology are gel permeation chro- 
matography, chemical precipitation with inorganic salts 
or organic solvents, and double antibody methods (46,47). 
Gel permeation or filtration chromatography enables the 
separation of free and bound forms of the fluorescent li- 
gand due to the differences in molecular size between the 
micro- and macromolecular entities (48). The chemical 
precipitation methods used in radioimmunoassay have not 
been thoroughly investigated for use in fluoroimmu- 
noassay. The procedures are based essentially on the dif- 
ferential precipitation of proteins. Antibodies can be 
precipitated with ethanol and dioxane or salted out with 
ammonium sulfate. Double antibody separation tech- 
niques are highly versatile and can be applied to almost 
any assay system. The separation of the ligand-antibody 
complex results from the precipitate that forms after a 
second antibody is introduced. The second antibody is 
directed against the antibodies of the primary ligand- 
antibody reaction and is produced in a different species of 
animal than the first. A good example is the heterogeneous 
assay of gentamicin. After the competitive binding be- 
tween gentamicin and labeled gentamicin for sites on a 
rabbit antibody (directed against gentamicin) comes to 
equilibrium, separation is achieved by precipitation of the 
gentamicin-rabbit antibody and labeled gentamicin- 


rabbit antibody complexes with goat anti-rabbit immu- 
noglobulins. 


One promising separation (heterogeneous) technique 
involves the use of a solid phase support to which an 
antibody population is either adsorbed or bonded cova- 
lently (49). The solid material may be paper disks, the walls 
of test tubes, glass or plastic beads, or even Sephadex or 
Sepharose (50,51). 


Once the antibodies are immobilized on the solid sup- 
port, labeled and unlabeled ligands are introduced and 
allowed to compete for available binding sites on the 
antibody. The bound labeled fraction then is separated 
from the labeled ligand remaining in solution by washing. 
The labeled ligand complexed to the antibody then can be 
measured directly, without removal from the solid phase, 
by a fluorometer with a front-surface fluorescence at- 
tachment (52). The fluorescent label also may be removed 
from the solid phase by a denaturant and measured in a 
conventional fluorometer (4). 


A variation of the solid-phase methodology may involve 
a solid-phase ligand that competes with free ligand and 
labeled antibody. The solid-phase bound, labeled antibody 
then may be measured after washing to remove the un- 
bound, labeled antibody. 


The ability to reduce background interference com- 
monly encountered in fluoroimmunoassays will make 
heterogeneous assays more attractive in the near future. 
The time and effort spent in immobilizing the antigen or 
antibody in this system, as well as the actual separation of 
the labeled and unlabeled species, will ultimately be re- 
warded with enhanced sensitivity. Advances in the tech- 
nology of the solid phases and instrumentation used for 
heterogeneous immunoassay are likely. Already, special- 
ized “immunofluorometers” designed for front-surface 
illumination are available commercially. 


CONCLUSION 


The application of fluorescence immunoassay to the 
detection and quantitation of biologically active com- 
pounds provides a major alternative to chromatographic 
and radiochemical methods of analysis. The elimination 
of potentially hazardous radioactive labels and the ability 
to measure, quite sensitively, serum levels of active agents 
without prior extraction and separation have propelled 
fluoroimmunoassay into the mainstream of modern ana- 
lytical techniques. Further developments in fluorescent 
probes, antibody production, heterogeneous methodology, 
and fluorescence instrumentation will enhance the at- 
tractiveness of fluoroimmunoassay. 


The development of novel fluorescent probes for use in 
immunoassays will be an important area of research. 
Probes having greater Stokes shifts, greater environmental 
sensitivities, and high quantum yields of fluorescence that 
are easily coupled to drugs may replace the limited number 
of probes now in routine use. 


The introduction of new instrumentation and accom- 
panying methodology will also broaden the scope of the 
applications and improve the sensitivity obtained in flu- 
oroimmunoassay. A recent study reported the use of an 
argon-ion laser in the detection system of a high-pressure 
liquid chromatographic separation of free and bound flu- 
orescent antigens (48). This technique employs gel per- 
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meation chromatography for the separation of fluores- 
cein-labeled insulin, bound by specific antibodies, from 
the free fluorescent antigen. The detection limit is com- 
parable to that obtained in radioimmunoassay. The laser 
as an excitation source will no doubt play a much greater 
role in fluoroimmunoassay (48). 
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Figure 3-Elood (w, A, +) and plasma (0, A, 0 )  concentrations of 
indapamide following oral administration of 2.5 mg of indapamide to 
three subjects. 


be 2.0 f 4.4 and 6.5 f 5.7 ng/ml (mean f SD)  of apparent I, respectively. 
Based on these values, the sensitivity limit was considered to be -20 ng 
of I/ml in both plasma and whole blood. A similar sensitivity limit was 
determined for urine samples. 


Specificity-The specificity of the previous procedure for the mea- 
surement of unchanged I in urine was examined by high-pressure liquid 
chromatography (HPLC) and TLC (5). Blood concentrations of I from 
human subjects given the drug were measured both by the method de- 
scribed in this report and by an HPLC method that is under development. 
There was no significant difference between the measured I concentra- 
tions from the two procedures. 


Applicability to Clinical Samples-The plasma and whole blood 
concentrations of I from three subjects who received an oral dose of 2.5 
mg of I are shown in Fig. 3. The described procedure is adequate for 
monitoring the I concentrations in these media. 


This method has several advantages over the previous method (5). The 
number of samples assayed per day is approximately doubled. The sen- 
sitivity is improved because of the better reproducibility of a continu- 
ous-flow system. In particular, a stable baseline is obtainable since the 
flowcell is not manipulated between samples as is a normal fluorescence 
cell during a manual procedure. 
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Abstract Sulfoconjugation and glucuronidation of salicylamide by 
isolated hepatocytes were examined with various concentrations.of sal- 
icylamide and sodium sulfate. The ratio of sulfate t~ glucuronide formed 
changed markedly, depending on the concentrations of salicylamide and 
inorganic sulfate in the medium. The apparent K ,  value of sulfoconju- 
gation for salicylamide was 0.006 mM, while its V,, value varied de- 
pending on the concentration of inorganic sulfate (e.g., 2.1 and 0.5 
nmoles/min/1O6 cells at 1.2 and 0.5 mM inorganic sulfate, respectively). 
The K ,  and V,, values of glucuronidation for salicylamide were 0.19 
mM and 1.28 nmoles/min/106 cells, respectively, in the absence of sodium 
sulfate. Glucuronidation was suppressed in the presence of inorganic 
sulfate. The suppression could be attributable to the competitive con- 
sumption of salicylamide by sulfotransferase. Additional in uiuo exper- 
iments revealed that an extra amount of salicylamide markedly lowered 
the blood inorganic sulfate levels of rats. The significance of the finding 
is discussed in conjunction with the variation of the V,,, value of sulfo- 
conjugation with the inorganic sulfate concentration. 


Keyphrases Salicylamide-sulfoconjugation and glucuronidation 
Hepatocytes, rat-sulfoconjugation and glucuronidation of salicyl- 


amide Sulfate, inorganic-effect on conjugation and glucuronidation 
of salicylamide 0 Conjugation-salicylamide, effect of inorganic sul- 
fate 


Numerous phenolic compounds are competitively me- 
tabolized in uiuo to their conjugates by glucuronidation 
with uridine diphosphate (UDP) glucuronic acid and sul- 


foconjugation with 3‘-phosphoadenosine-5’-phosphosul- 
fate. In many cases, the sulfate is formed mainly at  a low 
dosage while the glucuronide predominates at a high 
dosage (1-3). 


This dose-dependent reversal of the sulfate/glucuronide 
ratio was explained by Levy and Matsuzawa (1) as follows. 
Blood inorganic sulfate can be consumed temporarily if a 
large amount of phenolic drug is administered and the 
3’-phosphoadenosine-5’-phosphosulfate available for 
sulfoconjugation is limited, leading to a lower proportion 
of sulfate in the total conjugates. In fact, capacity-limited 
suppression of the sulfoconjugation can be overcome by 
simultaneous administration of drugs and sodium sulfate 
or cysteine to the subjects (4,5). However, Weitering et al. 
(6) reported that the injection of phenol to rats did not 
lower the inorganic sulfate levels enough to elucidate the 
phenomenon. They emphasized that the reversed conju- 
gation ratio found in in viuo experiments could be attrib- 
utable to the different K,  values of sulfotransferase and 
UDPglucuronyltrans ferase. 


The problems underlying these controversial proposals 
may be settled by a simpler in uitro experiment using an 
isolated hepatocyte system. Isolated hepatocytes maintain 
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biochemically and structurally organized functions and 
allow easier kinetic study than in uiuo systems (2). Their 
ability to generate endogenous cosubstrates as well as to 
catalyze sequential reactions is particularly useful for drug 
conjugation studies (7). In view of its established metabolic 
routes and clinical importance (1, 8), salicylamide was 
chosen as a model, and its conjugation in isolated hepa- 
tocytes was studied. Attention was focused on the effect 
of inorganic sulfate on conjugation at  high and low sali- 
cylamide concentrations. 


EXPERIMENTAL 


Materials-The following materials were obtained commercially: 
collagenasel (Clostridium histolyticum), bovine serum albumin2 
(demineralized), amino acid mixture3 (without L-glutamate), P-glucur- 
onidase-aryls~lfatase~ (Helix pomatia, 9.3 IU of 0-glucuronidaselml, 
5.9 IU of arylsulfatase/ml), P-glucuronidase6 (calf, 13,000 UF/ml), sali- 
cylamide6, and 2,6-dichloro-4-nitropheno17. All other chemicals were 
reagent grade. 


Preparation of Isolated Hepatocytes-Suspensions of isolated 
hepatocytes were prepared from male Wistar rats, 250-300 g, fed ad li- 
bitum, as described by Moldbus et al. (9). The oxygenator and buffer 
reservoir were jacketed for thermostatic control a t  37O, and 13 mM N- 
2-hydroxyethylpiperaine-N'-2-ethanesulfonic acids and penicillin9 (400 
IU/ml) were added to the buffers (10). The yield of each preparation was 
5-6 X lo8 cellsfliver, and the viability of fresh cells was 9%99% according 
to the lactic dehydrogenase latency test (9). The values were unchanged 
for 5 hr if the cells were suspended in albumin containing Krebs-Hen- 
seleit buffer a t  4O saturated with 95% 0 ~ 5 %  CO2. 


Incubation of Isolated Hepatocytes-Prior to incubation, the cells 
were washed twice with pH 7.4 Krebs-Henseleit buffer in which mag- 
nesium sulfate was replaced by magnesium chloride. To eliminate pos- 
sible adsorption and binding of salicylamide conjugates (ll),  bovine 
serum albumin was not included in the buffer, although this omission 
caused deterioration of the cell viability to 95-96%. The cell suspension 
(7-15 ml/flask) was incubated in a rotating round-bottom flask at 37O 
under a stream of oxygen-carbon dioxide with 2 X loe cells/ml unless 
specified otherwise. For the kinetic studies, different amounts of sali- 
cylamide and sodium sulfate were added to Krebs-Henseleit buffer, in 
which magnesium sulfate was replaced by magnesium chloride and 
supplemented with 10 mM glucose, amino acid mixture, N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid, and penicillin. 


The viability of the isolated hepatocytes was checked periodically with 
the lactic dehydrogenase latency test (90-92% after 40 min of incubation). 
At intervals, samples were transferred to test tubes and boiled for 1 min 
to terminate the reaction. After centrifugation for 20 min at  2000 rpm, 
1 ml of supernate was used for the conjugate determination. 


Determination of Salicylamide Conjugates-Salicylamide sulfate 
and glucuronide were analyzed by the modified method of Veresh et al. 
(12) and Houston and Levy (13). One milliliter of sample was combined 
with 1.5 ml of 0.1 M acetate buffer (pH 5.0) and 6 ml of ethylene dichlo- 
ride in a 12-ml glass-stoppered test tube, which was shaken vigorously 
for 15 min and centrifuged for 15 rnin at  2000 rpm. After removal of the 
organic layer by suction, 5 ml of ethylene dichloride was added to the tube 
and the extraction was repeated. 


Subsequently, two parts of a 1-ml portion from the upper layer were 
taken into two tubes, one for the determination of glucuronide (Tube A) 
and the other for the determination of sulfate (Tube B). Salicylamide 
glucuronide was determined by adding 0.5 ml of P-glucuronidase and 1 
ml of 0.1 M acetate buffer (pH 5.0) to Tube A and incubating for 40 hr 
a t  37'. Salicylamide released by the enzymic hydrolysis was extracted 
with 6 ml of ethylene dichloride by shaking. After centrifugation, 4-ml 
portions of the organic layer were transferred to a test tube containing 
5 ml of 0.1 M carbonate buffer (pH l l ) ,  which was shaken for 15 min and 


Boehringer Mannheim GmbH., West Germany. 
Povite Producten N.V., Amsterdam, The Netherlands. 


3 Gibco minimal essential medium amino acid mixture (without L-glutamate), 


' Calbiochem, San Diego, Calif. 
6 Tokyo Zoki Chemical Co., Tokyo, Japan. 


8 Hepes, Nakarai Chemicals, Kyoto, Japan. 
9 Penicillin G potassium, Meiji Seika Co., Tokyo, Japan. 


Grand Island Biochemical Co., Grand Island, N.Y. 


Nakarai Chemicals, Kyoto, Japan. 
Tokyo Kasei Co., Tokyo, Japan. 
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Figure I-Time courses of sulfoconjugation and glucuronidation of 
salicylamide in isolated rat hepatocytes a t  0.05 mM (A) and 0.4 mM 
(B) salicylamide. Incubation was performed as described in the text in 
the absence (0) or presence of 0.1 (a), 0.5 (A), 1.2 (O), or 3.0 (0) mM 
sodium sulfate. 


centrifuged for 10 min at  2000 rpm. The amount of salicylamide in the 
aqueous layer was determined fluorometrically using 325 and 420 nm for 
excitation and emission, respectively. 


Next, the amount of salicylamide sulfate was determined by adding 
0.1 ml of /3-glucuronidase-arylsulfatase and 1 ml of 0.1 M acetate buffer 
(pH 5.0) to Tube B and incubating for 40 hr a t  37O. By the same proce- 
dures used for Tube A, the total amount of salicylamide sulfate and 
glucuronide was determined, and the amount of the sulfate was calculated 
by subtracting the values obtained for Tube A from those for Tube B. 
Blank values were obtained in the same way, except that boiled liver cells 
were used. Incubation of isolated hepatocytes with different amounts 
of salicylamide and sodium sulfate was repeated two to three times, and 
the reproducibility was confirmed. 


Assay of Inorganic Sulfate in Rat  Serum-Male Wistar rats, 
320-370 g, were anesthetized with pentobarbital sodium1° before poly- 
ethylene tubing" was introduced into their right external jugular veins. 
Immediately after withdrawal of 2 ml of blood, 50 mg of salicylamide'%g 
was administered. Subsequently, a t  15-min intervals, 2 ml of blood was 
collected uia the cannula and then centrifuged for 30 min at  4000 rpm 
using a serum separation aid13. The amount of inorganic sulfate in the 
serum was analyzed by turbidometry as described by Weitering et al. (6). 
Prior to the drug administration studies, it was confirmed that inclusion 
of 1 mM salicylamide in the serum, taken from an untreated rat, would 
not interfere with the determination of inorganic sulfate. 


RESULTS AND DISCUSSION 


The time courses of sulfoconjugation and glucuronidation of salicyl- 
amide by isolated hepatocytes a t  0.05 and 0.4 mM salicylamide and 


lo Somnopentyl, Pitman-Moore, Washington Crossing, N.J. 
11 Intramedic PE60, Clay Adams, P m i  
12 Salicylamide was dissolved in 1 N Na&. and the pH was adjusted to 9.0 with 


lS Separaid, HATCO International, Los Angeles, Calif. 


any, N.J. 


hydrochloric acid. The final concentration of salicylamide was 20 mg/ml. 
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Figure 2-Effect of salicylamide concentrations on the rate of sali- 
cylamide conjugation in isolated hepatocytes. The cells (1  X lo6 cells/ 
ml) were incubated for 7 min at  37O with 3.0 (O), 1.2 (0), 0.5 (A) ,  or 0.1 
(0) mM sodium sulfate or without (a) sodium sulfate. 


various inorganic sulfate concentrations are shown in Fig. 1. Apparently, 
a larger amount of salicylamide sulfate formed as the sodium sulfate 
concentration increased, whereas glucuronidation was suppressed at  
higher inorganic sulfate concentrations. Although the levels of conjuga- 
tion varied, similar patterns of time courses were observed with the in- 
cubation system containing 0.1 or 0.2 mM salicylamide (not shown). An 
appreciable amount of salicylamide sulfate also was produced in the 
system without sodium sulfate, presumably due to the use of amino acids 
(e.g., cysteine and methionine) in the medium as the source of sulfate, 
although the presence of contaminative inorganic sulfate in the cell iso- 
lation medium could not be ruled out. The ratio of conjugates, sulfate to 
glucuronide, changed markedly depending on the salicylamide concen- 
tration. For example, with 1.2 mM sodium sulfate, the sulfate to glucu- 
ronide ratio in a 10-min period decreased from 15 to 1.2 if the salicylamide 
concentration was increased from 0.05 to 0.4 mM. 


Figure 2 shows the kinetics of conjugation by a 7-min incubation of 
isolated liver cells in the presence of different amoqnts of salicylamide 
and inorganic sulfate. The sulfoconjugation rate reached a maximum at  
low salicylamide concentration, while the glucuronidation rate increased 
progressively with increasing salicylamide concentrations. The effects 
of sodium sulfate on the two conjugation reactions were contrasting. The 
sulfoconjugation was accelerated by increasing inorganic sulfate, indi- 
cating the simultaneous increase of 3’-phosphoadenosine-5’-phospho- 
sulfate, the cosubstrate for the conjugation, within the liver cells. On the 
other hand, the glucuronidation was suppressed by inorganic sulfate. 


The reciprocal plots of [salicylamide glucuronide] against the reciprocal 


0 


l/[SALICYLAMIDEI 
Figure 3-Double reciprocal plots of salicylamide concentration 
(millimolar) against salicylamide glucuronide formed (nanomoles per 
minute per lo6 cells). The illustration was based on Fig. 2. The sodium 
sulfate concentration was 1.2 (0), 0.5 (A), 0.1 (a), or 0 (e) mM. 
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Figure 4-Dependency of V,, values of salicylamide sulfoconjugation 
on inorganic sulfate concentrations. 


of [salicylamide] in the absence of sodium sulfate produced a straight line 
(Fig. 3), and the K,,, and V,, values of glucuronidation for salicylamide 
were estimated to be 0.19 mM and 1.28 nmoles/min/loS cells, respectively. 
Concave curves produced in the presence of sodium sulfate indicate the 
inhibitory effect of inorganic sulfate on glucuronidation. The effect was 
less pronounced at  higher salicylamide concentrations and was not ap- 
preciable a t  V,,, as indicated by the intersection of the lines on the 
vertical axis (Fig. 3). Although inorganic sulfate appeared to interfere 
with glucuronidation in an unusual manner, inhibition by inorganic 
sulfate has not been reported to the knowledge of the authors. 


Anomalous kinetics of salicylamide glucuronidation in the presence 
of sodium sulfate can be interpreted alternatively on the basis of local- 
ization and K,,, differences of sulfotransferase and UDPglucuronyl- 
transferase in isolated hepatocytes (14). The deviation from a straight 
line in Lineweaver-Burk (15) plots with increasing sodium sulfate con- 
centration was probably due to the preferential use of salicylamide by 
sulfotransferase. When the concentration of salicylamide was low and 
that of inorganic sulfate was high, a large proportion of salicylamide, 
incorporated into the liver cells, could be used by sulfotransferase (which 
has a low K,,, value for the drug) in cytosol. Therefore, the actual con- 
centration of salicylamide available for glucuronyltransferase in the 
endoplasmic reticulum would have been much lower than the amount 
added to the medium. However, if the salicylamide concentration was 
high, the reaction rate of sulfotransferase would reach a maximum level, 
thus leaving some substrate for glucuronidation. Therefore, the ratio of 
sulfate to glucuronide conjugates would decrease as the substrate con- 
centration increased. 


Since an isolated hepatocyte system functions like an in uiuo system 
in many respects (2, 16), this interpretation may be more likely. The 
apparent K ,  and VmaX values of sulfoconjugation for inorganic sulfate 
were 0.47 mM and 2.62 nmoles/min/l@ cells, respectively, as calculated 


sodium sulfate 30 1 
w 4 


0 10 20 30 40 


INCUBATION TIME, min 
Figure 5-Time courses of salicylamide conjugations: response to the 
increasing sulfate Concentration from 0.1 to 1.2 mM. Isolated liver cells 
were incubated in the presence of 0.4 mM salicylamide and 0.1 mM 
sodium sulfate (0 and 0). After 20 min of incubation, the concentration 
of sodium sulfate was increased to 1.2 mM (e and m). Key: 0, e, sali- 
cylamide sulfate; and 0, W ,  salicylamide glucuronide. 
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Table I-Effect of a High Dose a of Salicylamide on Rat Serum 
Inorganic Sulfate 


Minutes after Sulfate Concentration c, 


0 7 0.72 f 0.04 
15 7 0.33 f 0.08 
30 7 0.16 f 0.08 
45 6 0.25 f 0.12 
60 4 0.43 f 0.08 


Injection n b  mM 


a Fifty milligrams of salicylamidehcg was intravenously administered. b Number 
of animals. Mean sulfate concentration f SD. 


from typical Lineweaver-Burk plots. Since the K ,  value of sulfoconju- 
gation for salicylamide was very small, it was obtained with plots of [S] /V 
versus [S] (S, salicylamide; V, the rate of sulfoconjugation) (14) and was 
0.006 mM when calculated by the least-squares method. The V,, values 
of sulfoconjugation for salicylamide varied, depending on the sodium 
sulfate concentration (Fig. 4). The effect of inorganic sulfate on V,, was 
remarkable at concentrations lower than 1.2 mM, indicating that the 
variation of inorganic sulfate in biological fluid would produce profound 
effects on sulfoconjugation of the drug in uiuo since the level of inorganic 
sulfate in human serum is reported to vary from 0.2 to 0.7 mM (17). 


Another feature of conjugation was a quick response of the sulfocon- 
jugation reaction to exogenous inorganic sulfate (Fig. 51, suggesting rapid 
incorporation of inorganic sulfate into liver cells and biotransformation 
to its active form, 3’-phosphoadenosine-5’-phosphosulfate (18). This 
finding supports the clinical utility of sodium sulfate for reducing acute 
toxicity of certain drugs (5,19,20). 


To study the postulated depletion of blood inorganic sulfate by in- 
gestion of a large amount of phenolic drug (l), 50 mg of salicylamidencg 
iv was injected to anesthetized rats, and the inorganic sulfate levels in 
blood serum were analyzed for 60 min (Table I). The inorganic sulfate 
concentration decreased to as low as 22% of the initial blood level 30 min 
after the administration and then gradually recovered. This recovery 
could have been attained by the formation of inorganic sulfate from 
amino acids and the release of inorganic sulfate from various tissues (21). 
The analytical procedure using barium chloride (6) seems to be pertinent 
in this study since similar results were reproduced by isotachophoretic 
assay of inorganic sulfate in the blood samples (not shown). Thus, the 
data in Table I and Fig. 4 show that the V,, values of salicylamide sul- 
foconjugation at 0.7 (initial blood level) and 0.16 mM inorganic sulfate 
(30 min after the injection) were 1.68 and 0.62 nmole/min/106 cells, re- 
spectively, which implies a t  most a 60% reduction of the sulfoconjugation 
reaction by an extreme salicylamide overdosage. 


An additional experiment confirmed the effect of 2,6-dichloro-4-ni- 
trophenol, an in uiuo sulfoconjugation inhibitor (22), on sulfoconjugation 
of salicylamide in isolated hepatocytes. The conjugation was terminated 
instantaneously by 0.05 mM 2,6-dichloro-4-nitrophenol added to the 
system 10 min after incubation of the cells with 0.1 mM salicylamide and 
1.2 mM sodium sulfate, whereas glucuronidation was slightly enhanced 
(not shown). 


In conclusion, kinetic studies of the salicylamide metabolism using 
isolated hepatocytes allowed rational interpretation of previous con- 
flicting in uiuo observations on the metabolism of phenolic drugs, where 
dose-dependent fluctuation of the sulfate to glucuronide ratio was 
characteristic (1-3, 23). Available evidence suggests that a t  a low sali- 
cylamide dosage, a large proportion of the drug entering the cells is 
consumed preferentially by sulfotransferase in the cytosol and the ef- 
fective salicylamide concentration for microsomal UDPglucuronyl- 
transferase becomes very low. Consequently, the ratio of sulfate to glu- 


curonide should be large. At  high dosage, however, the ratio decreases 
because a larger amount of the drug is accessible to glucuronyltransferase, 
and glucuronidation occurs more actively. Furthermore, the observed 
variation of the V,, value of sulfoconjugation for salicylamide, de- 
pending on the inorganic sulfate concentration, and the reduction of blood 
inorganic sulfate levels by the administration of salicylamide will, in 
combination, give rise to the capacity-limited suppression of sulfocon- 
jugation of the drug in uiuo. 
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Lowering Blood Urea Nitrogen with Amino 
Acid Supplementation 


Keyphrases 0 Amino acids-dietary supplementation, effects on blood 
urea nitrogen, rats 0 Colorimetry-analysis of blood urea nitrogen in rat 
serum, effects of dietary supplementation of amino acids 0 Dietary 
supplements-amino acids, effects on blood urea nitrogen in rats 


To  the Editor: 
Currently we are studying the effect of dietary supple- 


mentation of amino acids on alcohol metabolism. The 
amino acid augmentation is based on the fasting plasma 
profile theory (1-4). 


From past work on the metabolic effects of such diets, 
it was found that they produce a significant decrease in 
serum cholesterol in rats (5) and humans (6). This observed 
effect was theorized to be the result of an increase in net 
protein utilization. 


While conducting the present study, we discovered that 
dietary supplementation of limiting amino acids to the 
third level (L-lysine, L-tryptophan, and L-threonine), 
based on the fasting plasma profile theory, produces a 
significant decrease in serum blood urea nitrogen. 


Twenty male Sprague-Dawley rats, 250-275 g, were 
randomly divided into two groups of 10 each. Following a 
2-week acclimation period during which both groups were 
fed a standard animal'dietl, the first group was fed a diet 
supplemented to the third level of limiting amino acid 
(Table I) for 2 additional weeks while the second group was 
maintained on the standard diet for the same period. 


On the 15th day, blood collected by orbital sinus punc- 
ture was centrifuged, and the serum was retained. Blood 
urea nitrogen was measured colorimetrically by means of 
a standard kit2. 


The serum blood urea nitrogen for the treatment group 
was 8.45 f 0.36 mg/100 ml (mean f S E M )  while that of the 
control group was 15.1 f 0.49 mg/100 ml. A Student t test 
showed a significant difference to the p < 0.01 level. 


It is theorized that the observed effects are caused by an 
increase in net protein utilization when the limiting amino 
acids are supplemented, based on the fasting plasma 
profile theory, and that this increase reduces the amount 
of underutilized amino acids that are otherwise available 
for energy metabolism or storage. The end result is a de- 
crease in the amount of nitrogenous metabolic products 
(wastes) in serum. 


Purina Laboratory Chow. 
zSigrna Chemical Co., St. Louis, MO 63178. 


Table I-Amino Acid-Supplemented Animal Feed to the Third 
Level of Limiting Amino Acid 


Ingredient Amount, 70 


L-Tr yptophan 0.309 
L-Threonine 0.341 
L-Lysine 1.667 
Standard feed 97.683 


This type of dietary supplementation can be of invalu- 
able assistance to those who must reduce their blood urea 
nitrogen levels (dialysis patients, nephrotic patients, 
etc.). 


The major advantage of the augmentation of the body's 
amino acids based on the fasting plasma profile theory is 
that it removes a lot of guesswork and establishes a hard 
mathematical formula for preparing the diet. 
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Effect of Variation of Plasma Oleic Acid 
Concentration on Relative Concentration of 
Free and Protein Bound Warfarin 


Keyphrases 0 Warfarin-effect of plasma oleic acid concentration on 
free and protein bound warfarin concentration, protein binding, humans 


Protein binding-binding of warfarin to human serum albumin, effect 
of plasma oleic acid concentration on free and bound warfarin concen- 
tration Oleic acid-effect of concentration on free and protein bound 
warfarin concentration, humans 


T o  the Editor: 
Although the normal serum concentrations of free fatty 


acids are between 0.3 and 0.9 mmolehter (l),  pathological 
conditions such as diabetes, reduced renal function, cardiac 
infarction, and bacterial disease (2-12) can cause sub- 
stantial increases in free fatty acid levels. In some cases, 
these levels can exceed 5 mmoles/liter. Moreover, the in- 
creasingly widespread use of intravenous fat emulsions 
probably is associated with significant variation in the 
serum concentrations of free fatty acids. 


Schwartz et al. (13) recently demonstrated that varia- 
tion in the concentration of oleic acid, a major component 
in the free fatty acids found in serum, can cause significant 
variations in the protein binding of salicylate. Similar 
findings concerning the effect of variation in free fatty acid 
concentrations on the protein binding of drugs were pub- 
lished previously (14-17). 
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Viscoelastic Stress/Strain Behavior of 
Pharmaceutical Tablets: Analysis during Unloading and 
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Abstract 0 The processes of nonequilibrium generation and decay of 
axial and radial stresses within tablet compacts were analyzed in terms 
of three-dimensional linear viscoelastic theory. A rotary tablet press was 
instrumented to measure punch and die wall stresses during the com- 
pression and postcompression periods. Following compression, tablets 
were permitted to remain at  the compression site within the die, and the 
die wall stress was followed. Microcrystalline cellulose, spray-processed 
lactose, and sulfacetamide are known to have different compression 
characteristics and were found to differ significantly in their viscoelastic 
parameters. Compacts assumed their final viscoelastic state prior to the 
time of punch separation. Theory permits separation of material behavior 
into dilation and distortion components. Dilation, thought to he de- 
pendent on voids, was elastic in all cases. Distortion effects could be de- 
scribed well by a Kelvin solid model. Results indicate that viscoelastic 
properties are functions of compression conditions and may be useful 
in adjusting compression conditions to avoid problems such as 
capping. 


Keyphrases 0 Viscoelastic behavior-analysis of tablets during un- 
loading and postcompression Tablet formulation-analysis of visco- 
elastic behavior during unloading and postcompression o Compression 
cycle-analysis of viscoelastic behavior during tablet formulation 


The compression of powdered or granular material into 
a cohesive mass during the formation of a pharmaceutical 
tablet is a complex and irreversible dynamic process, in 
contrast to its apparent simplicity. Mechanically, the 
process consists of imposing a strain on the powder by 
progressively confining it to a diminishing volume, 
reaching approximately that of the completed tablet. The 
dimensional constraints imposed by the punches and die 
then are removed, and the compact is allowed to relax. The 
compacted material exerts stress against the punches and 
die during this process in response to the imposed strain. 
For this reason, useful information concerning the fun- 
damental structure of tablets is available from compression 
stresdstrain data, as reflected by the substantial volume 
of literature in the area. 


In the present investigation, three-dimensional visco- 
elastic models of both the unloading portion of the com- 
pression event and the postcompression relaxation period’ 
were studied. They were examined for their utility in the 
analysis of internal structural behavior and changes that 
result from tablet compression. For this purpose, axial and 
radial stresdstrain data were obtained under nonequi- 
librium conditions at normal operating speeds in a rotary 
tablet machine and were interpreted uia these models. 


BACKGROUND 


The stress/strain behavior observed in tablet compaction is a composite 
of effects arising from primary particle reorientation, elastic deformation, 


particle fracture, viscous and/or plastic flow, and the formation and 
breaking of interparticulate bonds. Some of these processes are time 
dependent and occur at various rates over the period of tablet formation. 
Therefore, the compact is not at stress/strain equilibrium during the 
compression event. Thus, the physical characteristics of the finished 
tablet may be expected to depend on the strain rate profile imposed by 
the tablet machine, the viscoelastic properties of the compact, and the 
resultant stresses during compaction and ejection from the die. 


Arguments and evidence (1,2) have indicated that the nature of stress 
release during decompression and stress unloading may be a major factor 
responsible for the success or failure of tablet formation. Studies of the 
quasistatic (2-5) and dynamic (6-8) loading characteristics of pharma- 
ceutical compacts support the widely held view that substantial internal 
mass flow occurs during tableting. This flow is manifested as stress re- 
laxation under constant (1) and changing (8-11) external strain. The 
strains applied during compression require the compacted material to 
yield or flow and to produce stresses that can result from four funda- 
mental processes: elastic yield, viscous flow, plastic deformation, and mass 
acceleration. The meanings of these terms may differ somewhat in various 
contexts and will be defined as follows for this discussion. 


Elastic yield is the instantaneous and totally reversible response to an 
applied load. It may be represented in linear form by a massless spring 
having no inertia. Viscous flow is defined, in its linear form, as Newtonian 
flow and is symbolized by a dashpot for which the rate of strain is directly 
proportional to the applied stress. Irreversible strains that result from 
stresses above a threshold value (elastic limit) are termed plastic defor- 
mations. The stress necessary to maintain motion, once begun in a per- 
fectly plastic material, is independent of the strain rate. This idealized 
plastic behavior is analogous to a weight being slid across a level surface 
after static friction has been overcome. Inertial forces resulting from the 
movement of mass within a tablet also contribute to its stress/strain 
behavior during compression. However, because of the small masses and 
low accelerations involved, these forces are negligible and may be disre- 
garded. 


A model based on brittle fracture as the mechanism for tablet consol- 
idation (12) has been applied to granular material subject to quasistatic 
stress loading and unloading. However, it is generally recognized that 
some plastic flow occurs a t  points of interparticulate contact during 
compression. Due to the force-concentrating effect of asperities (5), 
overall pressures required for this process are much lower than would 
produce plastic flow of the bulk material. This phenomenon generally 
has been termed “microsquashing” in the powder technology literature 
and is commonly thought to occur when particles are smaller than 1 mm. 
If only brittle fracture occurred during compaction, the result would be 
a finer powder rather than a coherent compact. However, strong compacts 
can be made of brittle materials even though extensive fragmentation 
of the primary particles is observed (13). A more general model (14), based 
on plastic yielding, is compatible with the consolidation pattern observed 
in isostatic loading. Both of these models are intended to apply only to 
quasistatic loading. It was demonstrated (8) that the punch to die wall 
pressure behavior observed during dynamic compaction in a rotary tablet 
press is markedly different than that observed during quasistatic 
loading. 


In practice, loading and unloading of stresses within the tablet and its 
powdered precursor are accomplished in a few milliseconds. It was sug- 
gested that the resultant transient processes occur in stages during this 
brief period (15). A decrease in voids is most probably caused by inter- 
particulate slippage in Stage I. Stage I1 is characterized by the formation 
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1. The equation of a linear elastic element, conforming to Hooke's law, 


u = Fc (Eq. 1) 


< is: 


where u and c are the stress and strain, respectively, and F is the modulus 
for the spring. The viscous behavior of a Newtonian dashpot is given 
by: 


u = G i  (Eq. 2) 


where i is dtldt ,  the strain rate, and G is the viscous coefficient. A tablet, 
left in the die after compression, exerts a residual die wall stress indefi- 
nitely, and a solid viscoelastic model, such as a Kelvin or a three-pa- 
rameter solid, is needed to describe this behavior. 


The constitutive equation of a Kelvin solid, where a spring and dashpot 
are coupled in parallel, is based on an equal strain of the two elements. 
Thus, the stress is distributed between them so that, from Eqs. 1 and 
2: 


0 = Fc + ce (Eq. 3) 


More complicated models can be built systematically in the pattern 
shown in Fig. 1. The differential equations of these and other types of 
viscoelastic models (17) have the general form: 


L7 + p1U + pzii +. . . = qoc + qle + q22 + . . . (Eq. 4) 


where PO = 1. In the case of the Kelvin solid, pi+o = 0, qo = F, 41 = G, and 
qia2 =-0. For other more complicated models, the coefficients pi and qi 
are various functions of the elastic and viscous constants corresponding 
to the constituent springs and dashpots. It is convenient to write these 
equations in differential operator notation: 


Pa = Qt (Eq. 5) 


(Eq. 6) P = Cpi di /dt i  


Figure 1-Fundamental viscoelastic models. Key: A, elastic solid; B, 
Maxwell fluid; C,  Kelvin solid; D, three-parameter solid; and E, four- 
parameter solid. 


where p and Q are defined 8s: 


of temporary struts, columns, and vaults protecting small voids and 
generally supporting the imposed load. In Stage 111, this structure fails 
by particle fracture or plastic flow. The final condition is reached in Stage 
IV when the structure formed is strong enough to support the imposed 
load and any further reduction in volume of the compact involves the 
normal compressibility of the solid material. At  thii stage, any permanent 
decrease in the voids of a still porous compact can only be achieved by 
exceeding the crushing strength of the structure and/or by plastic de- 
formation. 


Depending on the kinetics of the various fundamental processes in- 
volved, Stage IV may not be reached until the punches are receding and 
stresa unloading is well underway. It may be postulated that the structure 
responsible for the viscoelastic properties of the tablet are established 
during this final stage. These properties would then be the cumulative 
result of changes brought about during compact formation. Thus, they 
may be expected to be a function of the stredstrain history of the tablet 
and could change if the conditions of earlier stages were recreated as, for 
example, by recompression. 


In the present studies, measurements of the viscoelastic behavior of 
the compact during the latter portion of the unloading phase of com- 
paction are combined with results obtained immediately after punch 
separation but before ejection from the die. The viscoelastic parameters, 
derived fromdata obtained under these two sets of conditions, are useful 
in predicting evolutionary changes in the tablet prior to ejection. This 
prediction is important if the stresdstrain condition of the tablet upon 
ejection from the die is to be calculated from information gathered earlier 
in the cycle. 


THEORETICAL 


Viscoelastic Constitutive Equations in One Dimension-The 
time-dependent behavior of viscoelastic materials can be closely modeled 
by the use of combinations of discrete elastic and viscous elements (16, 
17). The arrangement of the spring and dashpot elements within the 
models determines their characteristics and whether the material is a 
viscoelastic fluid or solid. For example, the coupling of a spring and 
dashpot in series is termed a Maxwell fluid. When the two elements are 
coupled in parallel, the model is a Kelvin solid. If a second spring is added 
in series to the Kelvin solid, the result is a standard three-parameter solid. 
These and other models used in this investigation are illustrated in Fig. 


Q = xqi di/dt i  (Eq. 7) 


P =  1 0%. 8) 
Q = qo + 41 dldt (Eq. 9) 


Three-Dimensional Viscoelastic Behavior-The theory described 
thus far is adequate only when stresses and strains are in just one di- 
mension. For the case of a tablet under compaction in a rigid die, axial 


and where, for a Kelvin solid: 


z 


Figure 2-Stress components acting on a cubical element within a 
stressed body. 
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Figure 3-Schematic drawing of tablet 
die, showing top (A) and side (B) uiews. 


B 


strains are imposed by the punches and radial strains result, in part, from 
the lateral wedging of the particles as they are driven together. A more 
general expression of viscoelastic behavior than that given by Eqs. 5-7 
is needed to account for processes occurring in three dimensions. 


Three-dimensional viscoelastic theory can be developed from a con- 
sideration of the stresses and strains experienced by an infinitesimal 
cubical element within a stressed and strained solid body. Nine stress 
components, as illustrated in Fig. 2, comprise the stress tensor, d: 


where ai, denotes the stress in the ith direction on the j th  face of the cube. 
Thus, where i = j, the stresses are normal to the surface; where i # j ,  
shear stresses are indicated. If the cube is in moment equilibrium and 
not undergoing angular acceleration, uij = uji, so that there are six in- 
dependent stress components under these conditions. 


The stress tensor can be split into two parts, as in Eq. 11, so that the 
stresses leading to isostatic compression or dilation, H, can be separated 
from those, 3, producing distortion of shape: 


b = H + S  (Eq. 11) 


where: 


H =  I‘ 0 O s 0 O l  (Eq. 12) 


Lo O 
and: 


(Eq. 13) 


The isostatic stress components, s, are each taken as equal to (uxr + uyy + uz,)/3. It follows from Eqs. 10-13 that S,, + S,, + S,, = 0. 
A similar operation may be performed on the strain tensor, i ,  resolving 


it into isostatic, 6, and distortional, l?, strain tensors: 


where e = (txx + tYY + c,,)/3 and Ex,  + Eyy + E,, = 0. 
For an isotropic vlscoelastic material, 8 causes only volumetric changes, 


while only distortional changes are produced by s. This behavior can be 
expressed by constitutive equations, analogous to Eq. 5, in which the 
volumetric and distortional effects are separated: 


P”s* = Q”6 (Eq. 15) 


where: 


P” = C p :  di/dti 


Q” = xq: di/dti 


(Eq. 16) 


(Eq. 17) 


and: 
P‘s = Q’I? 


where: 


P’ = x p i  di/dti 


Q‘ = Cqi di/dti (Eq. 20) 


The operator pairs P” and Q” and P’ and Q’ are totally independent of 
each other under these conditions. The nature of the viscoelastic material, 
i.e., elastic solid, Kelvin solid, etc., is expressed in Eqs. 15 and 18 uia the 
operator pairs. For these reasons, it is possible to construct models in 
which the isostatic behavior is different from that proposed for distor- 
tion. 


Uniaxial Stress and Strain-In applying three-dimensional theory 
to viscoelastic behavior, it is useful to consider the special case of a simple 
tension, uxx, applied to a three-dimensional body. The diagonal elements 
of H each become equal to aXx/3, and the nonzero elements of 3 are then 
S,, = 2a,,/3 and Syy = S,, = -axx/3. The strains resulting from these 
stresses appear as an elongation, E,,  , coupled with transverse contrac- 
tions, E,, = t,,, which contribute to 6 and I? so that e = (el-, + 2cyy)/3, Ex, 


assumed that the operators P and Q are linear and time invarient, Eqs. 
15 and 18 may be written in terms of the applied uniaxial stress: 


(Eq. 21) 


- - 2(cxz - cYy)/3, and Eyy = E,, = -(cxx - tYy)/3. Furthermore, if it is 


(P”Q’ t 2P‘Q”)axx = 3Q’Q”txx 


(P”Q’ - P’Q”)a,, = 3Q’Q”cyy = 3Q’Q”tzz (Eq. 22) 


By analogous arguments applied to Eqs. 15 and 18, and with the same 
restrictions on P and Q, the following equations may be derived for the 
case of an applied uniaxial strain, E , ~ :  


(Eq. 23) 


(P’Q” - P”Q’)E,, = 3P’P”ayy = 3P’P”a,, (Eq. 24) 


More detailed expositions (16, 17) of fundamental linear viscoelastic 
theory are available; however, the theory outlined here suffices for the 
present study. With the limitations and assumptions implicit in their 
derivation, Eqs. 21-24 can be applied, in linear combination, in modeling 
the process of tablet formation. 


(P’Q” + 2P”Q’)t,, = 3P‘P”ax, 


EXPERIMENTAL 


Press Instrumentation-Tablets were compressed using flat-faced 
punches on a rotary tablet machine’. A single station was instrumented 
with resistance strain gauges to monitor both die wall and punch stresses. 
All other stations were blank. The ejection cam was removed so that the 
tablet remained in the die after compaction, and its stress relaxation could 
be observed over an indefinitely extended period. Punch stress was 
measured by four strain gauges2 attached to the lower compression roller 
support rod in a Poisson configuration. The gauges were activated in a 
direct-current Wheatstone bridge coupled3 to the strain-gauge ampli- 
fier*. 


The die recess in the active station was enlarged to  accommodate a 
specially made 9.525-mm laminar tablet die (Fig. 3). Mating surfaces of 
the three die layers were surface ground to ensure a close fit. The center 
layer, 1.5 mm thick, had a reduced wall thickness of 3.2 mm for half of 
its circumference. The upper and lower surfaces of this thin-walled seg- 
ment each were ground down 5 pm to provide clearance for free radial 
expansion of the arch under stress. Extrusion of tablet material into this 
space was negligible, and only infrequent disassembly was needed for 
cleaning. An active strain gauge5 was bonded to the arch and a second 
gauge was bonded to the lower die segment for temperature compensa- 
tion. The Wheatstone bridge was completed internally, using precision 
wound resistors6, within the strain-gauge amplifier to which it was hard 
wired3. 


Amplifier output signals were displayed on a storage oscilloscope7, and 
stress measurements were mades from photosg of the traces. A typical 


Colton model 216, Cherry-Burrell Corp., Park Ridge, IL 60068. 
CEA-06-125WT-350, Micro-Measurement, Romulus, MI 48174. 
Cable 8434-100, Belden Corp., Chicago, IL 60644. 
Model 13-4312-00, Gould Inc., Cleveland, OH 44117. 
EA-06-031De-120, Micro-Measurement, Romulus, MI 48174. 
Type NS-112, Dale Electronics, Norfolk, NE 68701. 
Model 5103N, Tektronix, Beaverton, OR 97077. 
ID data tablet/digitizer, Summagraphics Corp., Fairfield, CT 06430. 
C5A CameraLand Pack Back, Tektronix, Beaverton, OR 97077. 
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Figure 4-Oscilloscope tracing of decompression and postcompression 
phases of sulfacetamide compression at  a maximum pressure of 333 
MPa at  a sweep rate of 10 msec/diuision. Vertical deflections (division 
per volt) differ for the three traces: a, axial stress; b, radial stress; and 
c, turret rotation marker. 


example of these traces is shown in Fig. 4. When postcompression stress 
measurements were made over several minutes, the amplifier output 
signal was passed through a low-pass filter to reduce noise and to improve 
resolution. 


Calibration-The instrumented die was calibrated under static 
conditions. A closely fitting rubber plug was placed in the die cavity, and 
known pressure was applied by loading weights onto a substitute upper 
punch in the form of a platform pedestal. A linear response was obtained, 
r 2  = 0.989, over the full range of 333 MPa. 


Punch stress, as indicated by strain a t  the lower compression roller 
support rod, was calibrated against die wall stress under both static and 
dynamic conditions. In the latter case, the press was run at  normal speed 
with a rubber plug in the die cavity. Oscilloscope traces of the simulta- 
neously generated die wall and punch stresses were compared. Results 
obtained in this manner were indistinguishable from those observed when 
the turret was turned slowly by hand. Plots of die wall versus punch stress 
were linear with r2 3 0.999. 


Punch Displacement-It was not feasible to measure punch move- 
ment using a displacement transducer due to difficulty in mounting such 
a device. Instead, punch position, as a function of time, was calculated 
from tablet machine dimensions, turret velocity, and punch position 
relative to the compression rollers. The latter two quantities were com- 
puted from signals generated by a frame-mounted magnetic pickup in 
response to the passage of three turret-mounted permanent magnets. 
These were arranged so that one pulse was produced immediately prior 
to the compression event and two pulses after. Simultaneous punch and 
die stress curves for the compression of a rubber plug were symmetrical 
and exhibited maxima at  the same time. Therefore, the punches were 
assumed to be centered between the compression rollers at the time 
corresponding to the common axis of symmetry of the stress versus time 
curves. The magnetic pickup signals were used as references for punch 
location, measurement of turret velocity, and triggering the oscillo- 
scope. 


The vertical displacement of the upper punch, z, as it passes under the 
compression roller (Fig. 5) is: 


z = ( ( r l  + - x2]1/2 (E4.25) 


where rl and r2 are the radii of the compression roller and the vertical 
curvature of the punch head rim, respectively; and 3c and xp are the hor- 
izontal distances between the vertical center lines of the compression 
roller and upper punch, respectively, and the center of vertical curvature 
of the punch head rim. The horizontal angle, @, measured from the punch 
axis to the vertical centerline of the roller (Fig. 6) is afunction of the turret 
angular velocity, u. Thus, from Eq. 25, upper punch displacement a t  the 
position of greatest penetration into the die is: 


z = [(rl + r 2 ) 2  - (r3 sin wt - X Z ) ~ ] ~ ’ ~  (Eq. 26) 


where r3 is the radial distance between the turret and punch axes. 
Equation 26 applies when the head of the punch, except for the flat, is 
in contact with the compression roller. During the period when the punch 


A 
z 


X 


Figure 5-Diagram of the geometric relationships between the com- 
pression roller (A) and punch (B) viewed from the side; z, x, XI, x2, rl, 
and r2 are as defined in Eqs. 25 and 26. 


head flat bears against the roller, the displacement equals rl plus r2. This 
definition of displacement, z, is convenient for this study since it permits 
punch movements to be referred to the centers of the compression 
rollers. 


f Y  
4 XI b 


. +--2 


X 


Figure 6-Diagram of the geometric relationships between the com- 
pression roller (A) and the punch viewed from above. The vertical axis 
of the punch follows horizontal path B; x, XI, and x2 are as defined in 
Eq. 26. 
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The punch displacement, ZO, at  the instant the punches break contact 
with the tablet depends on the amount and the nature of the material in 
the die cavity. Taking into account the symmetry of compression by the 
upper and lower punches, the axial strain during the unloading phase is 
given by: 


2 
L czz = - 1- [(rl + rz)2 - (r3 sin wt - x2)2]1/2 + I z o l )  (Eq. 27) 


where L is the tablet thickness. When the flat region of the punch head 
is under the compression roller, axial strain is constant and equals: 


2 
L czz = - [-(TI + r2) + lzoll (Eq. 28) 


Stress Measurements-The die wall was lubricated prior to each 
compression by swabbing with a 10% slurry of magnesium stearate in 
ethanol. A precisely weighed amount of unlubricated powder was placed 
in the die cavity and leveled. The weight of the material was varied to 
achieve different compaction pressures. Each tablet was compressed in 
exactly the same location in the die, extending an equal distance above 
and below the radial stress-sensing element. The tablets were compacted 
at a turret velocity of 2.759 rad/sec and were allowed to remain in the die 
for several minutes until equilibrium radial stress was reached. Ejected 
tablets were -5.5 mm in height, depending on fill weight and the mate- 
rial. 


Stresses were recorded over the entire compaction cycle to obtain axial 
and radial pressure maxima. Separate recordings were made at faster 
scope sweep rates to provide better time resolution of the last 20-25 msec 
of the compaction cycle (the entire unloading period lasted -30 msec) 
and the first 50-55 msec of the postcompaction period. Photographs of 
the scope tracings were digitized every 0.5 msec during unloading and 
every millisecond during postcompression. All experimentation was done 
in triplicate. 


Materials-The materials to be compressed were dried in an oven at  
145O for 2.5 hr and were stored over anhydrous calcium sulfate under 
vacuum until used. The compounds tested, microcrystalline celluloselO, 
spray-processed lactose”, and sulfacetamidelZ, were otherwise used as 
received and were not mixed with a lubricant or other material prior to 
compression. 


DATA ANALYSIS 


Experimental data were analyzed using viscoelastic models which 
consisted of various combinations, in isostatic dilation and in distortion, 
of the basic models illustrated in Fig. 1. The simplest model yielding a 
good fit of the data was found to be elastic in dilation and Kelvin in dis- 
tortion. 


Unloading Phase-During the initial period of their withdrawal, the 
punches remain in contact with the tablet and, together with the die, 
prescribe its axial and radial strains, czz, ex,, and err, re~pectively’~. 
Superimposing the individual contributions of these strains to axial stress, 
using Eqs. 23 and 24, yields the expression: 


(P‘Q“ + 2P”Q’)czz + 2(P’Q” - P”Q’)cxx = 3P’P”uzz (Eq. 29) 


since, by symmetry, ex, = cyy. In the same manner, the equal radial 
stresses, u,, and uyy, can be obtained from Eqs. 23 and 24 in the form: 


(P’Q” - P“Q’)C.~ t (BP’Q“ + P”Q’)c,, = ~P’P’’o,, (Eq. 30) 


If it is assumed that the tablet is elastic in isostatic dilation and behaves 
as a Kelvin solid in distortion, P” = 1 and Q” = q:, while P’ and Q follow 
Eqs. 8 and 9. Substituting these expressions, together with Eq. 27, into 
Eqs. 29 and 30 provides equations for the axial and radial stresses during 
the experimentally imposed unloading conditions: 


uzz = A1 - Az [(rl t r2)2 - (r3 sin w t  - x2)2]1/2 
A3wr3 cos 4 1 - 3  sin w t  - XZ)  


[ ( r l+  rz)2 - ( r3  sin wt - x2)2]1/2 + (Eq. 31) 


lo Avicel Ph 101, Food and Pharmaceutical Products Division, FMC Corp., 


l1 Fast-Flo Lactose, Foremost Dairies, Appleton, WI 54911. 
12Ruger Chemical Co., New York, NY 07111. 
l3 Subscripts refer to the reference axes of the compact, which are not necessarily 


Philadelphia, PA 19103. 


labeled the same as in Eqs. 21-24. 


(Eq. 33) 


(Eq. 34) 


The macroconstants, Ai and Bi, of Eqs. 31 and 35 were determined 
from experimentally measured punch and die wall stresses by regression 
analysis (18). Equations 32,33,36, and 37 can be taken pairwise in any 
combination to calculate the microconstants, qb and qi .  However, Eqs. 
32 and 33 and Eqs. 36 and 37 are nearly parallel and were not paired for 
computation since the resulting calculated values of qb and qi  were sen- 
sitive to experimental error. 


The vertical punch displacement at separation from the tablet, 20, was 
determined from the time at which punch pressure fell to zero rather than 
from the macroconstants. Although zo values obtained by these two 
methods agreed within 0.05 mm, the latter method was less direct and 
was not uaed. For the same reason, el, was calculated from measurements 
of ejected tablets rather than from Eqs. 32 and 36. Again, however, values 
obtained by the two methods agreed within -0.05 mm. 


Postcompression Phase-Radial stress and strain were the only 
variables measured directly during this period. Although a progressive 
change in the axial strain occurred, there was no means of reliably esti- 
mating it. Axial stress, however, can be estimated in various ways; because 
it is small in comparison with residual radial stress, effects of error are 
minor. Three hypotheses were tested in which axial stress was assumed 
to be either equal to zero, proportional to radial stress, or an exponentially 
decreasing function of time. Equations based on these assumptions were 
fitted to experimental data and showed the axial stress to be statistically 
indistinguishable from zero. From Eqs. 21 and 22, radial strain can be 
expressed as: 


(2P”Q + P’Q”)u,, + (P”Q’ - P ’ Q ” ) u ~ ~  = 3Q‘Q”tXx (Eq. 39) 


If it is assumed that the tablet is elastic in dilation and Kelvin in distor- 
tion and if uzz is set equal to zero, Eq. 39 reduces to: 


(q i  + 2qb + 29; d/dt)u,, = 3q&b + q; d/dt)c,, (Eq. 40) 


Integrating from time of punch separation, t = 0, to time t gives: 


u,, = [a,,@) - Cl] exp(-Czt) + C1 (Eq. 41) 


where: 


(Es. 42) 


cz = (2qb + q3/2q; (Eq. 43) 


Equation 41 was fitted by nonlinear regression (19) to experimentally 
measured die wall stresses; C1 is the equilibrium radial stress, and CZ is 
the first-order rate constant for radial stress relaxation. 


c - 3qbq;c,,(O) 
1 -  


2qb + q; 


RESULTS AND DISCUSSION 


The viscoelastic parameters of a tablet can be expected to depend 
heavily on the time course of compression and not solely on the chemical 
and physical nature of the powdered precursor. To investigate the effects 
of pressure, fill weights of the materials tested were adjusted to produce 
three pressure maxima: 125,208, and 333 MPa. These pressures fall in 
the usual range for tablet compression. Test substances that differ in their 
compressibility were selected to provide for a sensitivity evaluation of 
the present method of data analysis to differences in material proper- 
ties. 


During the unloading period, the elastic behavior of the compacts 
predominated. This fact was evidenced by viscous contributions to the 
total distortion stress of -1% only. Because the estimates of qi,  calculated 
from A3 and B3, are of the same magnitude as the experimental error 
during this period, they are not reported. However, the relaxation pro- 
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Table I-Viscoelastic Constants a for Unloading and Postcompression Phases of Tablet Compression * 
Viscoelastic Maximum Punch Pressure, MPa 


Constant Macroconstantsc 125 208 333 


Q? 
Q! 
Q? 


Q? 
Qf 
Q 1  


Q? 
Q? 
Q? 
Q? 


Q1  


Q? 
Q? 
Q? 
Q? 
41 


Microcrystalline Cellulose 
530 f 20 131 f 6 


132 f 6 171 f 11 529 f 20 
684 f 32 1220 f 82 2070 f 78 
687 f 32 1220 f 81 2050 f 76 


0.844 f 0.030 1.11 f 0.05 3.83 f 0.14 
0.858 f 0.031 1.13 f 0.05 3.79 f 0.14 


169 f 11 


Spray-Processed Lactose 
1180 f 29 
1180 f 29 
2120 f 52 
2120 f 52 
3.79 f 0.10 
3.80 f 0.10 
Sulfacetamide 
25.7 f 2.6 
27.6 f 2.6 
986 f 99 
990 f 95 


0.604 f 0.035 


725 f 13 1160 f 15 
727 f 13 


2400 f 43 
2410 f 43 
1.54 f 0.06 
1.55 f 0.06 


689 f 21 
691 f 21 


2050 f 63 
2060 f 63 
9.19 f 0.19 


1160 f 15 
3000 f 39 
3010 f 39 
2.10 f 0.06 
2.11 f 0.06 


28.2 f 1.6 
34.4 f 2.0 
1730 f 101 
1740 f 100 


0.590 f 0.022 
q; 0.651 f 0.036 9.24 f 0.19 0.724 f 0.027 


,I Calculated from mean macroconstants derived from triplicate compressions. * Units are MPa for qo and MPa sec for 41. Standard errors are shown. Macroconstanta 
used in calculation of viscoelastic constants. 


cesses that occur during the postcompression phase are kinetically de- 
pendent on viscous behavior and are largely controlled by it. The viscous 
microconstants, qi, were calculated from C Z  and from the values of qh and 
40 obtained during unloading (Table I). 


Microcrystalline cellulose produced very strong tablets a t  all three 
pressures. These tablets exceeded the measurement range of the hardness 
tester14. All viscoelastic parameters increased with increased pressure. 
The elastic moduli were several times larger in dilation than in distortion, 
indicating that the material was more easily sheared than compressed. 
This latter behavior was observed for all three materials at all three 
pressures. In this regard, it is important to emphasize that a small elastic 
constant does not necessarily imply a small limiting stress at failure, and 
vice versa. 


Tablets produced from spray-processed lactose also were very strong 
and exceeded the capacity of the hardness tester, except those produced 
at the lowest pressure. These latter tablets relaxed most slowly to their 
residual die wall pressures. This behavior was reflected by their relatively 
higher q; value shown in Table I. 


The sulfas are noted for capping and splitting, which are often expe- 
rienced in making tablets from them. With sulfacetamide, all three vis- 
coelastic parameters passed through a maximum at intermediate pres- 
sures. Tablets produced at  all three pressures were moderately strong 
and broke in the xz plane at about the same tensile stress of -0.20-0.25 
MPa. Tablets compressed at  208 MPa relaxed particularly slowly to 
equilibrium die wall stress. These tablets would be expected to be the 
most likely to cap had they been ejected at the normal time interval fol- 
lowing compression. 


The residual die wall stress a t  equilibrium, C1, can be seen from Eq. 
42 to be a function only of the elastic constants, qb and qi, and the radial 
strain, exx. The rate constant, Cz,  for the exponential decay of die wall 
stress is inversely proportional to qi, as shown by Eq. 43. A t  the time of 
ejection from the die, the value of uxx is critical in determining if the tablet 
will fracture transversely (12) and exhibit capping or splitting. 


Insight into tablet behavior during and after compression can be gained 
through viscoelastic parameters such as are examined in this study. 
However, the assumptions and approximations made in applying visco- 
elastic theory must be considered when interpreting the data. Although 
descriptive of fully dense materials, the theory also is able to accommo- 
date porous materials. The mechanisms proposed for elastic yield or 
viscous flow in porous materials must be made in light of the influence 
of the voids. For example, in a porous solid, isostatic stress may cause 
fracture or plastic flow as the particles are forced into the pores. Under 
similar conditions and in the absence of fracture or flow, however, par- 
ticles can elastically distort into voids. While shearing stresses can pro- 


Pfizer, Pfizer Chemical Division, New York, NY 10017. 


duce distortion solely through elastic deformations, they may also pro- 
duce viscous flow. Distortion flow may be facilitated by voids and does 
not in itself reduce the void space available for the mass displacements 
that it produces. 


This general behavior, elastic in dilation and Kelvin in distortion, was 
observed in the materials reported here. Although viscoelastic equations 
based on more complex models also correlated well with the stress/strain 
data, their use could not be justified because they did not significantly 
improve the fit between theory and experiment. 


Further refinement of the theory to account for tablet anisotropy is 
possible but not currently feasible because of the limitations of present 
experimental methods. The number of viscoelastic parameters, arising 
from such anisotropic models, far exceeds the number of variables that 
can be measured simultaneously in the present apparatus. As a conse- 
quence, a set of indeterminate equations results. The models presented 
in this paper are being extended to a wider range of pharmaceutical solids 
and their mixtures. 
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Abstract Procedures were developed for TLC identification and GLC 
determination of meperidine and its metabolites, i .e.,  p-hydroxyme- 
peridine, normeperidine, and meperidinic and normeperidinic acids. 
Meperidine, p- hydroxymeperidine, and normeperidine were extracted 
with ether from biological fluids a t  pH 10, whereas meperidinic and 
normeperidinic acids and conjugated metabolites remained in the 
aqueous phase. The residue, upon evaporation of the extract to dryness, 
was derivatized with trifluoroacetic anhydride and gas chromatographed. 
Total (free and conjugated) meperidinic and normeperidinic acids in the 
aqueous phase were converted and determined as meperidine and nor- 
meperidine, respectively. A preliminary result of urinary disposition of 
meperidine and its metabolites in the rat is presented. The identity of 
these metabolites was confirmed with GLC-mass spectrometry. 


Keyphrases 0 Meperidine-and metabolites, TLC identification and 
GLC determination in biological fluids, rat, dog, and human 0 Metab- 
olites-meperidine, TLC identification and GLC determination in bio- 
logical fluids of rat, dog, and human EI TLC-identification of meperidine 
and metabolites in biological fluids of rat, dog, and human GLC-mass 
spectrometry-determination of meperidine and metabolites in biological 
fluids of rat, dog, and human 


The known major metabolites of meperidine are nor- 
meperidine and meperidinic and normeperidinic acids 
(1-4); p- hydroxymeperidine (5) ,  meperidine N-oxide (61, 
hydroxymethoxymeperidine (7), N- hydroxynormeperi- 
dine (7), and p-hydroxynormeperidinel are minor me- 
tabolites (Scheme I). The hydrophilic and hydroxylated 
metabolites are excreted mainly in conjugated forms (1-3, 
5,7). 


In earlier studies, radioisotopic and methyl orange dye 
methods (1-3,8) were used to estimate meperidine and 
normeperidine in biological fluids. In later studies, me- 
peridine, normeperidine, and p- hydroxymeperidine were 
estimated by GLC or GLC-mass spectrometry (9-19). 
Total meperidinic and normeperidinic acid were estimated 
as meperidine and normeperidine by methyl orange, GLC, 
and GLC-mass spectrometric methods after esterification 
(1-4,9-20). This paper presents a simpler and more sen- 
sitive method for the determination of meperidine and its 
metabolites in biological fluids, primarily using GLC. 


EXPERIMENTAL 


Drugs-Meperidine hydrochloride2, [N-methyl-14C]meperidine 


1 Unpublished observations. 
2 Sterling-Winthrop Pharmaceutical Co., Rensselaer, N.Y. 


hydrochloride3 (3.4 mCi/mmole), normeperidine hydrochloride2, p -  
hydr~xymeperidine~, and lidocaine hydrochloride5 were used. The purity 
of the radiolabeled meperidine, determined by TLC with three solvent 
systems, was at  least 98%. [N-methyl- 14C]Meperidinic, meperidinic, and 
normeperidinic acids were obtained by alkaline hydrolysis of their re- 
spective esters, and their purity was found to be 98% by TLC and 
GLC-mass spectrometry. 


Meperidine N-oxide was synthesized by oxidation of meperidine (100 
mg) by adding 85% m-chloroperbenzoic acid6 (150 mg) in dried ether (2 
ml) dropwise over 5 min. After the addition was completed, the solution 
was left at room temperature for 2 hr. Upon removal of the solvent, the 
residue was suspended in 2 ml of 10% potassium carbonate solution and 
extracted with ethylene dichloride containing 30% isopropyl alcohol (3 
X 10 ml). Crystals were obtained upon concentration of the extract to -1 
ml. After cooling, centrifugation, and aspiration of the final drops of 
extract, the crystals were washed with ether and dried under vacuum, 
yielding 99 mg. 


N- Hydroxynormeperidine was synthesized by oxidation of norme- 
peridine with m-chloroperbenzoic acid (7). The final product was con- 
taminated with normeperidine and other by-products but was sufficient 
for TLC and GLC-mass spectrometric identification. 


GLC-The chromatograph7 was equipped with flame-ionization de- 
tectors and 182-cm X 2-mm glass columns packed with 3% Poly 1-110 
coated on 80-100-mesh Gas Chrom Q. The temperatures of the oven, 
injector, and detector were 205,225, and 250°, respectively. The gas flow 
rates of nitrogen, hydrogen, and compressed dry air were 30,30, and 400 
ml/min, respectively. 


GLC-Mass Spectrometry-Chemical-ionization mass spectral data 
were obtained on a gas chromatograph-mass spectrometers equipped 
with an interactive data systemg and a 182-cm X 2-mm glass column 
packed with 3% Poly 1-110 coated on 80-100-mesh Gas Chrom Q. The 
temperatures of the injector, column, and ion source were 230,210, and 
loOD, respectively. Other specifications of the mass spectrometer were 
described previously (21). 


TLC-Standard TLC procedures were followed. Aliquots (50 pl) of 
methanolic solution containing 50 pg of meperidine or its metabolites 
were spotted on instant thin-layer silica gel sheetslo and linear, precoated 
glass silica platesll. Chromatograms were developed with one of the 
following solvent systems: A, n- butanol-water-acetic acid (35:103); B, 
ethyl acetate-ammonium hydroxide (17:l); C, ethyl acetate-methanol- 
ammonium hydroxide (17:2:1); D, benzene-methanol-diethylamine 
(48:l:l); E, n-butanol-3% ammonium hydroxide in water (5050) using 
the upper phase; and F, ethyl acetate-diethylamine (17:l). 


The chromatogram of nonlabeled standards was sprayed with iodo- 


3 Mallinckrodt Chemical Co., St. Louis, Mo. 
4 Professor C. Lindberg, Department of Organic Pharmaceutical Chemistry, 


6 Astra Pharmaceutical Products, Worcester, Mass. 
6 Practical grade, Aldrich Chemical Co., Milwaukee, Wis. 
7 Model 2700, Varian Aerograph, Varian Associates, Palo Alto, Calif. 
8 Model 3300, Finnigan Corp., Sunnyvale, Cal/f. 


Model 6000, Finnigan Corp., Sunnyvale, Calif. 
10 Gelman Instrument Co., Ann Arbor, Mich. 
11 Quantum Industries, Fairfield, N.J. 


University of Uppsala, Uppsala, Sweden. 
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Abstract 0 The purpose of this study was to evaluate a kit preparation 
for radioiodinated o-iodohippuran (I). All ingredients, excluding the 
radionuclide, were packaged in a ready-to-use kit for easy, quick for- 
mulation. Electrophoresis was utilized to evaluate the radiochemical 
purity of the labeled product and indicated that the radiolabeling tech- 
nique provided a product with >95% radiochemical purity. Biodistri- 
bution studies in rats and rabbits provided an indication of the tissue 
distribution and localization of the radiopharmaceutical. Computer- 
generated renogram curves plotted from y-camera images of rabbits 
showed the equivalency of the lSII-labeled I and 1*31-labeled I to the 
commercially available radiopharmaceutical. 


Keyphrases 0 o-Iodohippuran, radioiodinated-kit preparation eval- 
uated and compared with commercial products, biodistribution studies 
in rats and rabbits 0 Radiopharmaceuticals-o-iodohippuran labeled 
with iodine 123 and with iodine 131, kit preparation method developed 
and compared with commercial products, biodistribution studies in rats 
and rabbits 0 Biodistribution-radioiodinated o-iodohippuran in rats 
and rabbits, kit preparation of radiopharmaceutical developed and 
compared with commercial products 


o-Iodohippurate sodium (I) radiolabeled with iodine 131 
is used extensively for the noninvasive assessment of 
kidney function. Diagnostic information regarding renal 
blood flow, urinary tract patency, and urine flow may be 
obtained quickly and easily. 


The clinical significance of a renal study with radioio- 
dinated I may be improved by using iodine 123 rather than 
iodine 131 (1-5). The short physical half-life (13 hr) of 
iodine 123 and its pure y-photon emission decrease the 
absorbed radiation dose per millicurie to the patient 
compared to iodine 131 (6). In addition, iodine 123 pro- 
duces improved images with nuclear medicine instru- 
mentation compared to iodine 131. The y-photons emitted 
from iodine 131 are too energetic to be detected efficiently 
by the instrumentation generally used today. However, the 
0.159 Mev y-photons emitted from iodine 123 are detected 


CATHODE REFERENCE ORIGIN ANODE 
POINT 


Figure 1-Radiochromatogram scans of electrophoresis strips of sodium 
[l3ll]iodide (-) and sodium [lBI]iodide (- -) showing the movement 
of radioiodine in this form toward the anode. 


more efficiently using a y-camera and thus provide better 
counting statistics. 


The relatively short physical half-life is a disadvantage 
in the use of iodine 123. The radiopharmaceutical, ie., 
1231-labeled I, must be prepared at the institution where 
it will be used to make the agent economically feasible. 
Thus, the preparation method must be in the form of a 
radiopharmaceutical kit similar to kits used to prepare 
99mTc-labeled radiopharmaceuticals. Previous means for 
producing radioiodinated I (4, 7-15) involved extensive 
radiochemical synthetic and purification methods that do 
not allow the agent to  be prepared easily a t  the site of 
use. 


A rapid method for exchanging iodine 125 with the 
nonradioactive iodine in I was presented recently (16). The 
objectives of this research were to modify that method (16) 
to produce 1231-labeled I in kit form and to evaluate its 
biological distribution in animals. 


EXPERIMENTAL 


Materials-o-Iodohippuric acid' was extracted three times with 
benzene (17) to remove traces of o-iodobenzoic acid (111, which competes 
with I for radioiodine during the exchange reaction (16). Melting-point 
determination and high-pressure liquid chromatographic (HPLC) 
analysis indicated that extraction effectively removed traces of I1 from 
I. 


A solution of 50 mg of anhydrous copper sulfate in 10 ml of distilled 
water further enhanced the labeling of I by preferentially binding to any 
remaining 11. Phosphate buffer was prepared by dissolving 6.185 g of 
dibasic sodium phosphate in 100 ml of distilled water. 


Sodium [1311]iodide was obtained commercially2. The 0.1 N NaOH 
solution of the sodium [1231]iodide3 was reduced to pH 1 7  with 0.5 N HCl 
prior to radioiodination of I. 


CATHODE REF ERE NCE OR'I G I N ANODE 
POINT 


Figure 2-Radiochromatogram scans of electrophoresis strips of 
l3l1-labeled I (-) and 1231-labeled I (- -) showing the movement of the 
labeled compound. 


Aldrich Chemical Co., Milwaukee, Wis. 
Mallinckrodt Nuclear, St. Louis., Mo., and E. R. Squibb 81 Sons, Princeton, 


Crocker Nuclear Laboratory, Davis, CA 95616. 
N.J. 
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Figure 3--y-Camera image of rabbit biodistribution of kit-prepared 123Z-labeled Z. Each frame represents 2 min of elapsed time. 


Lyophilization-To prepare 10 lyophilized vials, 50 mg of purified 
I was dissolved in 1 ml of absolute ethanol, and 6 ml of distilled water was 
added. One milliliter of the copper sulfate-distilled water solution (5 
mg/ml) was added to bring the final volume to 10 ml. Aliquots (1 ml) were 
filtered through a 0.22-pm filter4 into 10-ml serum vials. The solutions 
were frozen rapidly with solid carbon dioxide lyophilized5 for 24 hr, and 
the vials were stoppered and sealed. Each vial contained 5 mg of I and 
0.5 mg of copper sulfate in lyophilized form. 


Preparation of Radioiodinated I-From 0.5 to 5.0 mCi of radioiodine 
(either sodium [lZ3I]iodide or sodium [1311]iodide) was added to the vial 
containing the lyophilized I and copper sulfate. The vial was autoclaved6 
for 15 min at  120-130' and allowed to cool a t  room temperature. Phos- 
phate buffer (2 ml) was added to precipitate the copper as copper phos- 
phate and to raise the pH to 7-8. Then the solution was passed through 
a 0.22-pm filter4 into a clean 10-ml evacuated serum vial. The total ac- 
tivity was measured in a dose calibrator', and the specific concentration 
was calculated. 


Radiochemical Purity-A sample of radioiodinated I was placed on 
the center of a cellulose polyacetate electrophoresis strips. A similar 
sample of radioiodinated sodium iodide was placed on a second strip as 


' Millipore. 
Labconco Freeze-Dry, Labconco Corp., Kansas City, Mo. 
Model 1250 Labclave, Ritter Sybron Corp., Rochester, N.Y. 
Model CRC-1OR radioisotope calibrator, Capintec Inc., Mount Vernon, 


N.Y. 
8 Gelman, Ann Arbor, Mich. 


a control. In addition, a third strip was spotted with a small amount of 
radioiodinated 11. The strips were placed in an electrophoresis chambers 
containing tromethamine-barbital-barbital sodium buffera (pH 8.8, ionic 
strength 0.06). The voltage was set at 275 v and allowed to run for 15 min. 
Then the strips were removed from the chamber and allowed to air dry. 
A small amount of radioactive material was placed on the cathode end 
of each strip as a reference point, and the position of radioactivity on each 
strip was determined with a radiochromatogram scanner9. 


Biodistribution-Five millicuries of '?-3I-labeled I was prepared as 
described, and the radiochemical purity was determined by electropho- 
resis. 


Normal male Sprague-Dawley rats, 300-400 g, were weighed and 
anesthetized with chloroform. A dose (0.1 ml) of *231-labeled I then was 
administered intravenously into the femoral vein following a femoral vein 
cutdown procedure. 


Two rats were sacrificed a t  1,2,5,10, and 30 min following injection. 
Duplicate samples of blood, liver, heart, small intestines, kidneys, fat, 
and testes were removed from each rat, weighed, and placed in counting 
tubes. 


A standard for counting was prepared by diluting 0.1 ml of the prep- 
aration to 100 ml with saline. Each tube, except the tubes containing 
kidney samples, were counted in an automatic y-counter1° for 1 min. A 
0.1-ml aliquot of the standard was placed before and after each set of 


9 Model 930, Vangard Systems, Stamford, Conn. 
10 Gamma 300, Beckman Instrumenta, Fullerton, Calif. 
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Figure 4--y-Camera image of rabbit biodistribution of kit-prepared 1311-labeled I. Each frame represents 2 min of elapsed time. 


tissue samples from a given rat. Kidney samples were counted -39 hr 
after the other samples because of the extremely high levels of radioac- 
tivity, which would have caused an error in the results due to  resolving 
time losses. 


The tissue levels of radioactivity are described as percent of kilogram 
dose per gram (% kg dose/g) (18): 


cpm in tissue/g of tissue 
cpm in dose/kg wt. of animal 


% kg dose/g = x 100% (Eq. 1) 


where cpm in dose = cpm in diluted dose X 1000. 
Rabbit Studies-White, female, New Zealand rabbits were anesthe- 


tized using a combination of xylazine" (10 mg/kg) and ketamine12 (35 
mg/kg) injected intramuscularly. The rabbits were injected intravenously 
with 0.1-0.5 mCi of 1231-labeled I prepared by the kit method or 1311- 
labeled 1 obtained c~mmercially'~ or prepared from a kit. The y-camera14 
images were taken 2 min apart for 30 min. Renogram curves were ob- 
tained through the use of a computer interphased with the y-camera. 


RESULTS 


Radiochemical Purity-The pH of the radioiodine solution used in 
preparing the radiopharmaceutical was found to be important. Com- 


l1 Chemagro, Kansas City, Mo. 
l2 Bristol Laboratories, Syracuse, N.Y. 
l3 Mallinckrodt Nuclear, St. Louis, Mo. 
l4 LFOV, Searle, Chicago, Ill. 


mercially available sodium ['"I]iodide solutions have pH values of 3-7, 
which is acceptable. However, the sodium [1231]iodide utilized in this 
study was supplied in 0.1 N NaOH. The pH of this radioiodine solution 
must be 1 7  to label I efficiently using the ki t  described. 


Electrophoresis was an efficient method for evaluating the radio- 
chemical purity of radioiodinated I. Figure 1 illustrates the expected 
migration of 1311- and lZ3I- toward the anode. Both 1311-labeled I and 
1231-labeled I also traveled toward the anode (Fig. 2) with an RI- of 
-0.3-0.4, identical to that of commercially available 1311-labeled I. Ra- 
dioiodinated 11 traveled toward the anode with an RI- of 0.17. This finding 
illustrates the system's ability to separate between the radioiodinated 
I and the radioiodinated I1 impurity. Greater than 95% radiochemical 
purity was achieved utilizing the kit method in the preparation of these 
agents. 


Electrophoresis of the two radiolabeled compounds at  various times 
after preparation indicated that the radiopharmaceutical was stable for 
a t  least 10 days when stored at room temperature. 


Biodistribution-The lZ3I-labeled I prepared by the kit method 
(Table I) was cleared rapidly from the blood. Kidney concentration of 
radioactivity reached a maximum between 1 and 5 min after injection 
and then declined rapidly. Radioactivity in organs other than the kidneys 
was low relative to the kidneys. Free radioiodine localizes to a large extent 
in the intestine (19). The relatively low concentration of radioactivity 
in the small intestine indicated good in uivo stability of l23I-labeled I. 


Rabbit Studies-Of major concern in the development of a new 
method of preparing a radiopharmaceutical that is available commercially 
is that the nuclear medicine images obtained are similar or improved. To 
evaluate this point, rabbits were injected with commercially available 


, 
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Figure 5-y-Camera image of rabbit biodistribution of commercially available 1311-labeled I. Each frame represents 2 rnin of elapsed time 


1311-labeled I and kit-prepared 1311-labeled I and 1231-labeled I. The im- 
ages obtained using standard nuclear medicine instrumentation and 
procedures were comparable with all three preparations (Figs. 3-5). 


Kidneys were seen within the first 2 min after injection. Urinary 
bladder was visible within 4-6 min following injection. At 20 min, all of 
the radioactivity appeared to have localized in the urinary bladder with 
faint shadows of the kidneys visible. The nonvisualization of the thyroid 
supports the conclusion that an in uiuo stable product is formed. The 
images obtained with lZ3I-labeled I (Fig. 3) were superior to those oh- 
tained with 1311-labeled I (Fig. 4) prepared by the kit method and 1311- 
labeled I (Fig. 5) obtained commercially. This improved imaging was due 
to the higher photon flux and the more efficiently detected y-photon of 
iodine 123. Renograms (Fig. 6) generated by computer accumulation of 
the distribution of radioactivity also were comparable with all three 
preparations. 


Table I-Tissue Distribution a of [ 1231]-o-Iodohippuran in Rats 


Minutes 
after 


Injection Blood Kidneys Liver 


DISCUSSION 


The kit method for preparing lZ3I-labeled I and 1311-labeled I yields 
a radiochemically pure agent. The method is quick and easy, with the final 
product obtained 60 min after the addition of radioiodine to the reaction 
vial. 


The radiopharmaceutical kit consists of ( a )  a 10-ml sterile, pyrogen- 
free, evacuated vial containing 5 mg of purified I and 0.5 mg of copper 
sulfate in lyophilized form; (b) a 3-ml disposable glass syringe containing 
2 ml of dibasic sodium phosphate buffer (6.185 g/100 ml); (c) a 0.22ym 
sterile disposable filter; (d) a 10-ml sterile, pyrogen-free, evacuated serum 
vial; and (e) a 5-ml syringe. 


The y-camera images of rabbits and computer-generated renograms 
following intravenous injection of the kit preparation were of excellent 
quality and comparable to those following intravenous injection of 


Small 
Heart Intestine Testes Fat 


1 0.650 2.69 0.330 0.187 0.092 0.041 0.020 
2 0.508 2.75 0.337 0.191 0.141 0.036 0.036 
5 0.188 1.56 0.130 0.064 0.048 0.033 0.031 


10 0.109 0.822 0.067 0.032 0.027 0.019 0.012 
30 0.046 0.170 0.020 0.010 0.036 0.009 0.010 


Mean percent of kilogram dose per gram. 
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Figure 6-Renogram curves showing the excretion of 1231-labeled I 
prepared by the kit method (top), 1311-labeled I prepared by the kit 
method (middle), and 1311-labeled I obtained commercially (bottom). 
Each point on a line represents 30 see of elapsed time. The squares 
represent the radioactivity in the bladder while the crosses and dia- 
monds represent the radioactivity in each kidney. 


commercially obtained 13*I-labeled I. 
This method for preparing radioiodinated I, especially 1291-labeled I, 


will be evaluated for human use. It would allow nuclear pharmacies and 
nuclear medicine units to prepare ‘BI-labeled I at the site of use and thus 
reduce the cost of the agent, reduce the radiation dose to the patient, and /- improve the clinical evaluation. 
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Abstract Procedures were developed for TLC identification and GLC 
determination of meperidine and its metabolites, i .e.,  p-hydroxyme- 
peridine, normeperidine, and meperidinic and normeperidinic acids. 
Meperidine, p- hydroxymeperidine, and normeperidine were extracted 
with ether from biological fluids a t  pH 10, whereas meperidinic and 
normeperidinic acids and conjugated metabolites remained in the 
aqueous phase. The residue, upon evaporation of the extract to dryness, 
was derivatized with trifluoroacetic anhydride and gas chromatographed. 
Total (free and conjugated) meperidinic and normeperidinic acids in the 
aqueous phase were converted and determined as meperidine and nor- 
meperidine, respectively. A preliminary result of urinary disposition of 
meperidine and its metabolites in the rat is presented. The identity of 
these metabolites was confirmed with GLC-mass spectrometry. 


Keyphrases 0 Meperidine-and metabolites, TLC identification and 
GLC determination in biological fluids, rat, dog, and human 0 Metab- 
olites-meperidine, TLC identification and GLC determination in bio- 
logical fluids of rat, dog, and human EI TLC-identification of meperidine 
and metabolites in biological fluids of rat, dog, and human GLC-mass 
spectrometry-determination of meperidine and metabolites in biological 
fluids of rat, dog, and human 


The known major metabolites of meperidine are nor- 
meperidine and meperidinic and normeperidinic acids 
(1-4); p- hydroxymeperidine (5) ,  meperidine N-oxide (61, 
hydroxymethoxymeperidine (7), N- hydroxynormeperi- 
dine (7), and p-hydroxynormeperidinel are minor me- 
tabolites (Scheme I). The hydrophilic and hydroxylated 
metabolites are excreted mainly in conjugated forms (1-3, 
5,7). 


In earlier studies, radioisotopic and methyl orange dye 
methods (1-3,8) were used to estimate meperidine and 
normeperidine in biological fluids. In later studies, me- 
peridine, normeperidine, and p- hydroxymeperidine were 
estimated by GLC or GLC-mass spectrometry (9-19). 
Total meperidinic and normeperidinic acid were estimated 
as meperidine and normeperidine by methyl orange, GLC, 
and GLC-mass spectrometric methods after esterification 
(1-4,9-20). This paper presents a simpler and more sen- 
sitive method for the determination of meperidine and its 
metabolites in biological fluids, primarily using GLC. 


EXPERIMENTAL 


Drugs-Meperidine hydrochloride2, [N-methyl-14C]meperidine 


1 Unpublished observations. 
2 Sterling-Winthrop Pharmaceutical Co., Rensselaer, N.Y. 


hydrochloride3 (3.4 mCi/mmole), normeperidine hydrochloride2, p -  
hydr~xymeperidine~, and lidocaine hydrochloride5 were used. The purity 
of the radiolabeled meperidine, determined by TLC with three solvent 
systems, was at  least 98%. [N-methyl- 14C]Meperidinic, meperidinic, and 
normeperidinic acids were obtained by alkaline hydrolysis of their re- 
spective esters, and their purity was found to be 98% by TLC and 
GLC-mass spectrometry. 


Meperidine N-oxide was synthesized by oxidation of meperidine (100 
mg) by adding 85% m-chloroperbenzoic acid6 (150 mg) in dried ether (2 
ml) dropwise over 5 min. After the addition was completed, the solution 
was left at room temperature for 2 hr. Upon removal of the solvent, the 
residue was suspended in 2 ml of 10% potassium carbonate solution and 
extracted with ethylene dichloride containing 30% isopropyl alcohol (3 
X 10 ml). Crystals were obtained upon concentration of the extract to -1 
ml. After cooling, centrifugation, and aspiration of the final drops of 
extract, the crystals were washed with ether and dried under vacuum, 
yielding 99 mg. 


N- Hydroxynormeperidine was synthesized by oxidation of norme- 
peridine with m-chloroperbenzoic acid (7). The final product was con- 
taminated with normeperidine and other by-products but was sufficient 
for TLC and GLC-mass spectrometric identification. 


GLC-The chromatograph7 was equipped with flame-ionization de- 
tectors and 182-cm X 2-mm glass columns packed with 3% Poly 1-110 
coated on 80-100-mesh Gas Chrom Q. The temperatures of the oven, 
injector, and detector were 205,225, and 250°, respectively. The gas flow 
rates of nitrogen, hydrogen, and compressed dry air were 30,30, and 400 
ml/min, respectively. 


GLC-Mass Spectrometry-Chemical-ionization mass spectral data 
were obtained on a gas chromatograph-mass spectrometers equipped 
with an interactive data systemg and a 182-cm X 2-mm glass column 
packed with 3% Poly 1-110 coated on 80-100-mesh Gas Chrom Q. The 
temperatures of the injector, column, and ion source were 230,210, and 
loOD, respectively. Other specifications of the mass spectrometer were 
described previously (21). 


TLC-Standard TLC procedures were followed. Aliquots (50 pl) of 
methanolic solution containing 50 pg of meperidine or its metabolites 
were spotted on instant thin-layer silica gel sheetslo and linear, precoated 
glass silica platesll. Chromatograms were developed with one of the 
following solvent systems: A, n- butanol-water-acetic acid (35:103); B, 
ethyl acetate-ammonium hydroxide (17:l); C, ethyl acetate-methanol- 
ammonium hydroxide (17:2:1); D, benzene-methanol-diethylamine 
(48:l:l); E, n-butanol-3% ammonium hydroxide in water (5050) using 
the upper phase; and F, ethyl acetate-diethylamine (17:l). 


The chromatogram of nonlabeled standards was sprayed with iodo- 


3 Mallinckrodt Chemical Co., St. Louis, Mo. 
4 Professor C. Lindberg, Department of Organic Pharmaceutical Chemistry, 


6 Astra Pharmaceutical Products, Worcester, Mass. 
6 Practical grade, Aldrich Chemical Co., Milwaukee, Wis. 
7 Model 2700, Varian Aerograph, Varian Associates, Palo Alto, Calif. 
8 Model 3300, Finnigan Corp., Sunnyvale, Cal/f. 


Model 6000, Finnigan Corp., Sunnyvale, Calif. 
10 Gelman Instrument Co., Ann Arbor, Mich. 
11 Quantum Industries, Fairfield, N.J. 


University of Uppsala, Uppsala, Sweden. 
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platinate or ammonia-silver nitrate (for n- hydroxynormeperidine). The 
radiochromatogram of [N-methyl- 14C]meperidinic acid was analyzed 
by placing each strip (obtained by cutting the sheet into 1-cm strips) in 
a liquid scintillation vial, swirling with 0.5 ml of methanol, and counting 
with 10 ml of Bray's solution12 in a liquid scintillation ~pectrometerl~. 


Determination of Meperidine, p-Hydroxymeperidine, and Nor- 
meperidine in  Urine-One-half to 2 ml of urine, water (to make up a 
total volume of 2 ml), and 0.1 ml of lidocaine hydrochloride solution (0.2 
mg/ml, an internal standard) were placed in a 15-ml stoppered centrifuge 
tube, adjusted to pH 10 with 0.1 ml of concentrated ammonium hy- 
droxide, and extracted twice with 5 ml of ether by shaking each time at  
280 oscillations/min for 10 min and centrifuging for 5 min. The extract 
was transferred without the aqueous phase to an acylation tube and 
evaporated to dryness under a nitrogen stream at  room temperature. 
Upon evaporation of the ethereal extract to dryness, the residue was used 
for TLC identification and GLC determination of free meperidine, p- 
hydroxymeperidine, and normeperidine. 


The aqueous phase was used to determine total meperidinic and nor- 
meperidinic acids and conjugated p- hydroxymeperidine. 


l2 Bray's solution consists of naphthalene (60 ), 2,5-diphenyloxazole (4 g), 
1,4-bis[2-(5-phenyloxazolyl)]benzene (200 mg), medanol (100 ml), ethylene glycol 
(20 ml), and dioxane to make 1 liter. 


'3 Mark 111, Searle Analytic, Des Plaines, Ill. 


For GLC determination, the residue was derivatized with 0.1 ml of 
trifluoroacetic anhydride by heating the mixture in an ethylene glycol 
bath at  60' for 10 min. After evaporation of the excess derivatizing agent 
by a nitrogen stream at room temperature, dried ethyl acetate (50 pl) was 
added; 1 ~1 of the solution was injected into the gas chromatograph. 
Calibration curves at  the peak height ratio (compound to internal stan- 
dard) vemw the concentration for meperidine, p- hydroxymeperidine, 
and normeperidine were linear ( r  = 0.99) over the range of 1-200 pg/2 
ml. A concentration of meperidine, p-hydroxymeperidine, and nor- 
meperidine as low as 150 ng/2 ml of urine could be measured. 


For studying the recovery of drugs from biological fluids, lidocaine was 
added to the residues of the ethereal extract prior to derivatization. The 
recovery was calculated from a comparison of the peak height ratio of 
extracted drug to lidocaine to that of unextracted drug to lidocaine. 


Determination of Total Meperidinic and Normeperidink Acids 
in  Urine-After extraction of meperidine, normeperidine, and free p -  
hydroxymeperidine, the aqueous phase was evaporated almost to dryness 
(4.1 ml) at  55O under reduced pressure with an evaporator14 and then 
evaporated to complete dryness in a freeze drier. The residue was refluxed 
with 3 ml of absolute alcohol containing 10% sulfuric acid at 100' for 5 
hr. This method hydrolyzed conjugated p- hydroxymeperidine and 


l4 Evaporator-mix, Buchler Instruments, Fort Lee, N.J. 
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Figure 1-Effect of pH on the recovery of meperidine and normeperi- 
dine. Meperidine (20 pg) and normeperidine (20 pg) from urine (2 ml) 
were extracted into the organic phase (6 ml of ether) by shaking for 10 
min. 


meperidinic and normeperidinic acids to the free form; meperidinic and 
normeperidinic acids were esterified to meperidine and normeperidine, 
respectively. 


The solution was reduced to -0.3-0.5 ml (removal of ethanol) by 
evaporation at 55O under reduced pressure with an e~aporator'~. To the 
residue were added 1.0 ml of concentrated ammonium hydroxide (pH 
-9-10) and 0.1 ml k lidocaine hydrochloride (0.2 mg/ml) solution. Then 
the solution was extracted with 6 ml of ether, and 5 ml of the extract was 
evaporated to dryness. The residue was derivatized with trifluoroacetic 
anhydride and determined by GLC. Calibration curves for both acids and 
p- hydroxymeperidine were linear ( r  = 0.98-0.99) in the concentration 
range of 10-200 pg /2  ml. Recoveries of water-soluble metabolites were 
only -30-40%. 


Determination of Meperidine and Its Metabolites in Blood and 
Plasma-The procedure for urine was modified slightly for determina- 
tion of meperidine and normeperidine in plasma and blood. The plasma 
or blood (2 ml), including the internal standard, was adjusted to pH 10 
and extracted with 8 ml of ether. After removal of the aqueous phase, 6 
ml of the ethereal extract was shaken with 1 ml of 1 N HC1 for 5 rnin and 
centrifuged for 5 min. The organic phase was carefully aspirated off 
without removal of any aqueous phase. The acidic aqueous phase was 
adjusted to pH 10 with 0.5 ml of concentrated ammonium hydroxide and 
extracted with 6 ml of ether. After centrifugation, 5 ml of the organic 
phase was transferred to an acylation tube and then treated as described 
for the determination of meperidine and normeperidine. 


Pilot Experiment on Urinary Disposition of Meperidine in  
Rats-Meperidine hydrochloride (35 mg/kg) dissolved in saline was 
administered intraperitoneally to Wistar male rats housed individually 
in air-conditioned quarters (23O) with 12-hr light-dark cycles. Food and 
water were given ad libidum. Urine was collected 24 hr prior to drug 
administration (control) and 0-24 and 24-48 hr after drug administration. 
After the pH and volume were measured, all urine was frozen until the 
time of drug analysis. 


RESULTS AND DISCUSSION 


Extraction and Recovery of Meperidine and I ts  Metabolites- 
[N-methyl- '4CIMeperidine hydrochloride was used to study some factors 
influencing meperidine recovery such as pH, solvent, number of extrac- 


Compound 
Solvent System 


A B C D E F  


Instant Thin-Layer Silica Gel Sheet" 
MeDeridine 1.00 1.00 1.00 1.00 1.00 1.00 
p- Hydroxymeperidine 1.00 1.00 1.00 Loo 1.00 LOO 


Normeperidine 1.00 1.00 1.00 1.00 1.00 1.00 


Meperidine N-oxide 1.00 0.37 0.93 0.33 1.00 1.00 
Meperidinic acid 1.00 0.00 0.00 0.29 1.00 0.22 


N- Hydroxynor- 1.00 1.00 0.95 0.90 1.00 1.00 


Normeperidinic acid 0.00 NVb NV NV NV NV 
meperidine 


Thin-Layer Silica Gel PlatesC 
Meperidine 0.47 0.87 0.85 0.71 0.69 0.79 
D- HvdroxvmeDeridine 0.45 0.55 0.72 0.17 0.66 0.40 
Meperidine NIoxide 0.50 0.03 0.25 0.04 0.43 0.19 
Meperidinic acid 0.37 NV NV 0.00 0.28d 0.18 
Normeperidine 0.60 0.38 0.56 0.24 0.46 0.33 
N- Hydroxynor- 0.85 0.73 0.84 0.44 0.30 0.67 


meperidine 
NormeDeridinic acid 0.48e NV NV NV 0.20d NV 


Gelman Instrument Co., Ann Arbor, Mich. NV = not visible. Quantum 
Spot was seen overnight after spraying. Industries, Fairfield, N.J. Gray spot. 


tions, salting, shaking time, and temperature on evaporation of the sol- 
vent extract. The mean recovery of [N-methyl-14C]meperidine (2 pg) 
from aqueous solution was constant over pH 7-10 (Fig. 1) and was -98.56 
f 2.14% (SE) .  The recovery of meperidine from solution at pH 9.5 by 
extraction with ether was -20% greater than that with benzene, chloro- 
form, or toluene extractions. The presence or absence of 0.5 g of sodium 
chloride appeared to make no difference in recovery. The meperidine 
recovery was inversely proportional to the length of the solvent evapo- 
ration time on a slide warmer15 set a t  50°; better results were obtained 
when the solvent was evaporated to dryness a t  room temperature under 
a nitrogen stream. There were no significant differences in recovery with 
5,10, or 15 min of shaking with 6 ml of ether a t  pH 9.5. 


No appreciable radioactivity was extracted in the organic phase when 
[N-methyl- 14C]meperidinic acid (1-100 pg) in aqueous solutions at  pH 
10 was extracted. It is likely that normeperidinic acid also would not be 
extracted. However, it was reported (20) that meperidinic and norme- 
peridinic acids could be extracted at  pH 9-10 with ethylene dichloride, 
although this finding could not be confirmed. 


Use of a resin column'6 for extraction of meperidinic and normeperi- 
dinic acids, with the eluate analyzed for meperidinic and normeperidinic 
acids and esterification at  various steps, was investigated. However, no 
variations saved time or gave clearer extracts than the organic solvent 
extraction and determination from the aqueous phase described. 


The optimum pH for recovery of normeperidine from aqueous solution 
determined (in triplicate) with GLC was at pH 10 (Fig. 1). The recovery 
of normeperidine added to the control urine was 95.79 f 3.15% (SE).  


The recovery of p-hydroxymeperidine added to the control urine was 
101.83 f 3.31%. 


TLC Identification of Meperidine and Its Metabolites-The Rj 
values of meperidine and its metabolites developed with various solvent 
systems on both instant TLC sheets and silica gel plates are presented 
in Table I. Solvent System D appeared to be best for separation of me- 
peridine and its metabolites on TLC silica gel plates. None of the systems 
using instant TLC sheets was satisfactory. 


GLC Determination of Meperidine and Its Metabolites-Figure 
2 shows the chromatogram of the extract of rat control urine with added 
internal standard after a single extraction and shows only a single peak 
of lidocaine (panel 1). The extract of control urine with added internal 
standard plus authentic standards showed peaks of meperidine, p- hy- 
droxymeperidine, normeperidine, and lidocaine (panel 3) with retention 
times of 3.7, 4.1, 7.7, and 9.3 min, respectively. The retention times of 
these compounds varied slightly from column to column, but the sequence 
remained the same. 


The chromatogram of the extract of the 0-24-hr rat urine extracted 
for free drugs showed peaks with retention times corresponding to 
meperidine, p -  hydroxymeperidine, and normeperidine and an uniden- 
tified peak with a retention time of 10.3 min (panel 4). The identity of 
meperidine and its metabolites was confirmed further with GLC-mass 


15 Fisher Scientific Co. 
l6 Amberlite XAD-2, Brinkmann Instrument Co., Westbury, N.Y. 
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Figure 2-Chromatograms of the extracts. Key: 1, control urine of rat with added lidocaine; 2, aqueous phase of the rat urine after ether extraction 
and sulfuric acid ethanol treatment with added lidocaine; 3, control urine of rat with added authentic standards; 4, urine of rat administered 
meperidine with added lidocaine; 5, control plasma of a dog; and 6, control plasma of a man. 


spectrometry. The chromatogram shown in panel 2 was obtained from 
the extract for determination of conjugated p-hydroxymeperidine and 
total meperidinic and normeperidinic acids. It showed peaks with re- 
tention times corresponding to meperidine and normeperidine, which 
were converted from free and conjugated meperidinic and normeperidinic 
acids, respectively. A peak of p- hydroxymeperidine appeared in the 
chromatogram of the extract of free drugs but not of the conjugated drugs, 
indicating that acid hydrolysis is not optimal for the determination of 
conjugated p- hydroxymeperidine. 


The chromatogram of the extract obtained from normal dog plasma 
after one extraction showed no interfering peaks (panel 5). The chro- 
matogram of the extract of human plasma and blood showed small peaks 
that interfered with the peaks of meperidine and p-hydroxymeperidine. 
The peak height of the interfering peak obtained from 2 ml of human 
plasma or blood corresponded to -150 ng of meperidine. After a triple 
reverse extraction, the interfering substances were eliminated (panel 
6). 


The GLC determination of meperidine and normeperidine is similar 
to, but simpler than, that reported by Klotz et al. (12) since the extraction 
of derivatized normeperidine (as trifluoroacetamide) from aqueous so- 
lution is eliminated. For determination of meperidinic and normeperi- 
dinic acids, the procedure is similar to, but more sensitive than, that re- 
ported by Wainer and Stambaugh (4) by derivatization of normeperidine 
with trifluoroacetic anhydride. 


Several GLC columns were investigated. The Poly 1-110 column ap- 


peared to be more sensitive for the determination of normeperidine (as 
trifluoroacetamide) than 3% OV-17 and 3% SE-30 columns, although it 
appeared no different for the determination of meperidine. 


Chlorophenylamine hydrochloride and diphenhydramine hydro- 
chloride have been used as internal standards in the GLC analysis of 
meperidine. In this GLC system, they had a retention time considerably 
longer than lidocaine. 


GLC-Mass Spectrometric Identification of Meperidine Metab- 
olites in Rat  Urine-The total ion current chromatogram and mass 
spectra of the extract (as trifluoroacetyl derivatives) of the unhydrolyzed 
urine of a male rat administered meperidine is shown in Fig. 3. The 
chromatogram showed peaks with retention times corresponding to au- 
thentic meperidine (spectrum 47), p-hydroxymeperidine (spectrum 561, 
normeperidine (spectrum 117), and lidocaine (spectrum 146). The frag- 
mentation patterns of these peaks were identical to those of the authentic 
standards (Table 11). 


Since the peak (spectrum 56) with a retention time corresponding to 
that of p-hydroxymeperidine was small, a limited chromatogram at  mlz 
360 (M + 1 ion of trifluoroacetylated p-hydroxymeperidine) was recorded 
to confirm the existence of this mass; this technique only shows the peaks 
with mass equal to 360. The chromatogram showed a major peak at the 
retention time (spectrum 57) corresponding to that of the small peak 
appearing in the integrated total ion current chromatogram and a small 
peak (spectrum 117), due to the isotope mass of mlz 358, corresponding 
to that of normeperidine. The fragment pattern of the peak at  spectrum 


Table 11-GLC and Chemical-Ionization GLC-Mass Spectral Characteristics of Standard Meperidine Metabolites and Extract from 
Urine of a Rat Administered Meperidine Hydrochloride, 35 mg/kg 
~~ 


Deriva- GLC R t ,  GLC-$ass Spectrometry mlz Other Prominent 
Ions Identification Sample tive min (M - Fa)+ (M + 1)+ ' (M + 29)+ 


Meperidine - 3.7 - 248 (loo)* 276 (88) 202 (15) 174 (27) - 
- - - 


- 
p- Hydroxymeperidine Trifluoroacetyl 4.1 340 (10) 360 (100) 388 (17) 
Normeperidine Trifluoroacetyl 7.7 310 (40) 330 (100) 358 (50) 256 (100) 284 (12) 
Extract of rat urine Trifluoroacetyl 3.7 - 248 (100) 276 (73) 202 (12) 174 (23) Meperidine 


- p- Hydroxymeperidine 4.1 340 (10) 360 (100) 388 (17) - 
7.7 310 (80) 330 (100) 358 (90) 256 (100) 284 (22) Normeperidine 


0 F = fluoride ion. * Percentage of relative intensity. 
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Figure 3-GLC-mass spectrometric chromatogram, as trifluoroacetyl 
derivatives, of the 24-hr urinary extract of a rat administered meperi- 
dine. Key: upper left, integrated total ion current chromatogram; middle 
right; limited chromatogram a t  m/z 360; spectrum 47, meperidine; 
spectrum 56, p-hydroxymeperidine; spectrum 11 7, normeperidine; and 
spectrum 146, lidocaine (added internal standard). 


56 showed m/z 388 (M + B)+, 360 (M + l)+, and 340 (M - fluohde ion)+. 
The identity of p-hydroxymeperidine and normeperidine as metabolites 
thus was established and confirmed the observation of Lindberg et al. 
(5) that p-hydroxymeperidine is a metabolite of meperidine in the rat. 


Urinary Excretion of Meperidine and Its Metabolites in Rats-A 
preliminary determination of the urinary excretion of meperidine and 
its metabolites in the rat indicated meperidine (6.1%), p-hydroxyme- 
peridine (0.36%), total meperidinic acid (16.1%), normeperidine (24%), 
and total normeperidinic acid (3.9%) of administered meperidine hy- 
drochloride (35 mghg). A detailed study of the urinary disposition of 


Electrokinetic Studies of Magnesium 


HANS SCHOTT 


meperidine and its metabolites in several mammalian species will be 
reported in a separate paper. 
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Abstract 0 The electrophoretic mobility of magnesium hydroxide was 
studied as a function of the concentration of its potential-determining 
ions, namely, of the magnesium ions, and of the hydroxide ions or pH. 
The zero point of charge was located at  -10.8. The {-potential of mag- 
nesium hydroxide below this pH was pmitive. The addition of magnesium 
nitrate to magnesium hydroxide suspensions increased the positive 
{-potential and lowered the pH. The low solubility of magnesium hy- 
droxide in water prevented the attainment of substantial concentrations 


~ ~ ~~~~ ~~ 


of magnesium ions in solution. Increasing the hydroxide-ion concentra- 
tion or the pH produced charge inversion. The largest negative {-potential 
was attained at  pH 11.5. Further increases in pH produced no significant 
increase in the negative value of the {-potential. 


Keyphrases 0 Magnesium hydroxide-electrophoretic mobility in 
aqueous solution D Electrophoretic mobility-magnesium hydroxide 
in aqueous solution 0 Zero point of charge-magnesium hydroxide 


Even though magnesium hydroxide suspensions are 
used extensively as antacids and laxatives, the information 
available on their electrokinetic properties is meager. Two 


sets of limited data, based on electro-osmosis and elec- 
trophoresis, were published in 1917 and 1934, respectively, 
for magnesium hydroxide that was precipitated with little 
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Lowering Blood Urea Nitrogen with Amino 
Acid Supplementation 


Keyphrases 0 Amino acids-dietary supplementation, effects on blood 
urea nitrogen, rats 0 Colorimetry-analysis of blood urea nitrogen in rat 
serum, effects of dietary supplementation of amino acids 0 Dietary 
supplements-amino acids, effects on blood urea nitrogen in rats 


To  the Editor: 
Currently we are studying the effect of dietary supple- 


mentation of amino acids on alcohol metabolism. The 
amino acid augmentation is based on the fasting plasma 
profile theory (1-4). 


From past work on the metabolic effects of such diets, 
it was found that they produce a significant decrease in 
serum cholesterol in rats (5) and humans (6). This observed 
effect was theorized to be the result of an increase in net 
protein utilization. 


While conducting the present study, we discovered that 
dietary supplementation of limiting amino acids to the 
third level (L-lysine, L-tryptophan, and L-threonine), 
based on the fasting plasma profile theory, produces a 
significant decrease in serum blood urea nitrogen. 


Twenty male Sprague-Dawley rats, 250-275 g, were 
randomly divided into two groups of 10 each. Following a 
2-week acclimation period during which both groups were 
fed a standard animal'dietl, the first group was fed a diet 
supplemented to the third level of limiting amino acid 
(Table I) for 2 additional weeks while the second group was 
maintained on the standard diet for the same period. 


On the 15th day, blood collected by orbital sinus punc- 
ture was centrifuged, and the serum was retained. Blood 
urea nitrogen was measured colorimetrically by means of 
a standard kit2. 


The serum blood urea nitrogen for the treatment group 
was 8.45 f 0.36 mg/100 ml (mean f S E M )  while that of the 
control group was 15.1 f 0.49 mg/100 ml. A Student t test 
showed a significant difference to the p < 0.01 level. 


It is theorized that the observed effects are caused by an 
increase in net protein utilization when the limiting amino 
acids are supplemented, based on the fasting plasma 
profile theory, and that this increase reduces the amount 
of underutilized amino acids that are otherwise available 
for energy metabolism or storage. The end result is a de- 
crease in the amount of nitrogenous metabolic products 
(wastes) in serum. 


Purina Laboratory Chow. 
zSigrna Chemical Co., St. Louis, MO 63178. 


Table I-Amino Acid-Supplemented Animal Feed to the Third 
Level of Limiting Amino Acid 


Ingredient Amount, 70 


L-Tr yptophan 0.309 
L-Threonine 0.341 
L-Lysine 1.667 
Standard feed 97.683 


This type of dietary supplementation can be of invalu- 
able assistance to those who must reduce their blood urea 
nitrogen levels (dialysis patients, nephrotic patients, 
etc.). 


The major advantage of the augmentation of the body's 
amino acids based on the fasting plasma profile theory is 
that it removes a lot of guesswork and establishes a hard 
mathematical formula for preparing the diet. 
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Effect of Variation of Plasma Oleic Acid 
Concentration on Relative Concentration of 
Free and Protein Bound Warfarin 


Keyphrases 0 Warfarin-effect of plasma oleic acid concentration on 
free and protein bound warfarin concentration, protein binding, humans 


Protein binding-binding of warfarin to human serum albumin, effect 
of plasma oleic acid concentration on free and bound warfarin concen- 
tration Oleic acid-effect of concentration on free and protein bound 
warfarin concentration, humans 


T o  the Editor: 
Although the normal serum concentrations of free fatty 


acids are between 0.3 and 0.9 mmolehter (l),  pathological 
conditions such as diabetes, reduced renal function, cardiac 
infarction, and bacterial disease (2-12) can cause sub- 
stantial increases in free fatty acid levels. In some cases, 
these levels can exceed 5 mmoles/liter. Moreover, the in- 
creasingly widespread use of intravenous fat emulsions 
probably is associated with significant variation in the 
serum concentrations of free fatty acids. 


Schwartz et al. (13) recently demonstrated that varia- 
tion in the concentration of oleic acid, a major component 
in the free fatty acids found in serum, can cause significant 
variations in the protein binding of salicylate. Similar 
findings concerning the effect of variation in free fatty acid 
concentrations on the protein binding of drugs were pub- 
lished previously (14-17). 
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Table I-Scatchard Protein Binding Parameters  for  Warfarin in  
the  Presence and Absence of Linoleic, Palmitic, and Oleic Acids 


Number of Drug 
Fatty Acid Molecules Association Constants” 


Concentration, Bound a t  Binding Sites a t  Binding Sites 
mmoles/liter 1 2 1 2 


O b  1.95 (0.42) 6.6 (1.6) 7.94 (3.57) 402 (134) 
0 2 7 6.56 (2.2) 376 (53) 
Linoleic acid, 2 7 2.54 (1.5) 171 (61) 


0 0  
L.U 


Palmitic acid, 2 7 0.79 (0.5) 116 (30) 


Oleic acid 
2.0 


0.5 2 7 5.26 (0.2) 258 (18) 
1.0 2 7 3.61 (0.4) 214 (9) 
1.5 2 7 2.88 (0.3) 177 (6) 
2.0 2 7 1.04 (0.2) 115 (13) 


1 M X Unconstrained values; all other values reported are constrained. 
Values in parentheses are standard deviations. 


Table 11-Estimated Percentage of Nonprotein Bound Warfarin 
for Serum Containing a Total  Warfarin Concentration of 10 
pgl l i ter  


Oleic Acid Estimated Percentage 
Concentration, of Nonprotein 
mmoleshiter Bound Warfarin 


0.0 
0.5 
1.0 
1.5 
2.0 


1.2 
1.6 
2.2 
3.0 
7.3 


The present paper reports the effect of variation in oleic 
acid concentrations on the protein binding of warfarin by 
human serum albumin. Warfarin was selected because it 
has a low therapeutic ratio for which individual patient 
titration is recommended (18). 


The binding of warfarin1 by human serum albumin in 
the presence of oleic acid concentrations of 0-2.0 
mmoleshiter at pH 7.4 was examined at 37’ using the 
continuous ultrafiltration method described previously 
(13). Warfarin concentrations were determined by UV 
spectroscopy at  308 nm. Raw experimental data were in- 
terpreted using the “constrained” Scatchard model 
(13). 


Table I lists the Scatchard parameters for warfarin 
binding by human serum albumin in the presence and 
absence of linoleic, palmitic, and oleic acids. (The con- 
strained values are those obtained when the maximum 
number of molecules bound at  the different sites is re- 
stricted to integral values.) All three fatty acids caused a 
significant reduction in both Scatchard association con- 
stants; increasing the oleic acid concentration progressively 
reduced the values of the constants. 


The clinical implications of the data shown in Table I 


Warfarin sodium racemic mixture, Endo Laboratories. 


are appreciated more readily from Table I1 in which the 
percentage of unbound warfarin (estimated using the re- 
sults in Table I) is shown when the total serum concen- 
tration of warfarin is 10 pghiter. The percentage of free, 
nonprotein bound warfarin increases almost sevenfold 
when the oleic acid concentration is increased from 0 to‘2.0 
mmoleshiter. Since there is good reason to believe that the 
intensity of pharmacological response is primarily a simple 
function of the free unbound warfarin serum concentra- 
tion, these results are of considerable potential therapeutic 
relevance. Changes in the pathological status of patients, 
who have been carefully titrated for optimal warfarin 
therapy, are likely to result in substantial hazard if such 
changes are associated with variation in free fatty acid 
serum concentrations. Thus, patients being treated with 
warfarin should be retitrated whenever free fatty acid 
levels have changed significantly. 
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Semiaqueous Potentiometric Determinations of Apparent 
pKal Values for Benzothiadiazines and Detection of 
Decomposition during Solubility Variation with 
pH Studies 
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Abstract 0 Apparent acidity constants obtained for various benzothi- 
adiazine diuretics by semiaqueous potentiometric titrations gave satis- 
factory agreement with many values obtained by aqueous potentiometry. 
One suitable method for determining the acidity constants of sparingly 
soluble drugs, the solubility variation with pH technique, does not take 
into account instability problems. The preparation of decomposition 
products and the TLC analysis of sample solutions at  various time in- 
tervals during solubility studies of methyclothiazide and bendroflu- 
methiazide indicated that decomposition takes place during agitation 
and equilibration. This decomposition in buffers of pH 8 and higher was 
confirmed with the acidified p-dimethylaminobenzaldehyde test for 
primary aromatic amines. 


Keyphrases Benzothiadiazines-apparent pKa1 values, semiaqueous 
potentiometry, detection of decomposition 0 Diuretics-benzothiadi- 
azines, semiaqueous potentiometric determination of apparent pKa1 
values, detection of decomposition 0 pKa1 values, apparent-ben- 
zothiadiazines, semiaqueous potentiometric determination 0 Decom- 
position-benzothiadiazines, solubility variation with pH studies o 
Potentiometry, semiaqueous-benzothiadiazines, determination of ap- 
parent pKa1 values 


In searching for the most suitable method of deter- 
mining the dissociation constants of the benzothiadiazine 
diuretics, the utility and applicability of previously re- 
ported methods were examined first. Potentiometry in 
aqueous media has been commonly used in the determi- 
nation of pKa values (1); however, the low aqueous solu- 
bility of benzothiadiazines precludes the use of water as 
the sole solvent. In such instances of solubility problems, 
potentiornet in mixed solvent systems has been used (2). 


variation with pH technique in determining the first acidic 
ionization constant of bendroflumethiazide. Their ex- 
perimental conditions seemed to favor significant de- 
composition, which they did not appear to take into ac- 
count. 


The first part of this investigation was the determination 
of apparent pKal values for various benzothiadiazine di- 
uretics, and the second phase concerned the effect of pH 
on the stability of representative benzothiadiazines during 
the solubility pKa determination procedure. 


In addition, 7 gren and Back (3) employed the solubility 


EXPERIMENTAL 


Reagents and Buffers-All chemicals and reagents were either ACS 
or reagent grade, unless otherwise specified. Buffers were prepared with 
glass-distilled and deionized water free of carbon dioxide. Sorensen's (4) 
borate and glycine buffers were used. 


Reference Standards-Purification of the selected benzothiadiazines 
was achieved by recrystallization to a constant melting point from ethanol 
and ethanol-water mixtures. 


Semiaqueous Potentiometric Determination of Apparent pKal 
Values by Extrapolation Technique-The apparent pKa1 values of 
various benzothiadiazines were determined by the method of Chatten 


I 
H 


I: R, = H, R, = benzyl, X = CF, 
II: R, = CH,, R, = CHIC& X = C1 


111: R = H, X = CF, 
IV: R = CH,, X = C1 


Scheme I 


et al. (5) using acetone-water mixtures. Four concentrations of each 
benzothiadiazine (0.0005,0.001,0.0015, and 0.002 M) were prepared from 
0.02 M acetone stock solutions. The acetonewater ratios were 545,1@.40, 
1535, and 2030 ml, respectively. The solutions were titrated with 0.05 
N NaOH, and the pH was measured1 after the addition of each 0.1-ml 
increment of titrant. The apparent pKal values then were obtained by 
the usual extrapolation techniques (2,5). 


Preparation of Reference Decomposition Products*-The de- 
composition products of bendroflumethiazide (I) and methyclothiazide 
(11) were prepared (Scheme I) by dissolving 1 g of the parent compound 
in 30 ml of 20% NaOH solution. The mixtures were refluxed for 2 hi, al- 
lowed to stand for 20 hr, and then acidified to pH 4 with 6 N HCl. The 


. resulting precipitates were separated by vacuum filtration, washed with 
distilled water, and recrystallized from water to a constant melting point. 
The identity of the products (111 and IV) was confirmed with IR and mass 
spectra. 
4-Amino-6-trifluoromethyl-1,3-benzenedisulfonamide ( III ) - -  


Compound I11 was prepared from bendroflumethiazide (I), giving fine 
white crystals (yield 0.52 g or 68.0'%), mp 245-247O dec. (lit. (6) mp 
246-247O1. 
4-Amino-2-chloro-5-(methylsulfamyl)benzenesulfonamide (IV) 


-Compound IV was prepared from methyclothiazide (111, giving fine, 
off-white crystals (yield 0.61 g or 72.6%), mp 170' dec. [lit. (6) mp 168- 
170O). 


Solubility Determinations-An excess of pure drug was shaken with 
a constant volume of buffer and agitated3 at  constant temperature for 
15 min. After 5 min of equilibration, the suspensions were filtered4 and 
the clear filtrate was centrifuged6. The pH1 of each solution then was 
obtained, and the absorbances6 for I1 were read a t  267 nm. 


1 Fisher Accumet model 320 expanded-scale pH meter fitted with glass and 
calomel electrodes. 


Melting points were determined using a Thomas-Hoover capillary apparatua 
and are uncorrected. IR spectra were recorded on a Perkin-Elmer 267 gratin IR 
spectrometer an potassium bromide disks. Mass spectra were taken on a Hewkett- 
Packard 598111 spectrometer. 


3 Dubnoff metabolic shaking incubator (GCAIPrecision Scientific) maintained 
at 25 f lo. 


4 Whatman No. 1 filter paper. 
6 Servall automatic-refrigerated centrifuge maintained at 25 f 1' (15,000 rpm 


for 10 min). 
Beckman model 25 spectrophotometer. 


0022~549/81/0300-031 M O l . O O l 0  
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sclences I 317 
Vol. 70, No. 3, March 1981 







Table I-Comparison of the Apparent Acidity Constants (pKal) 
of Certain Benzothiadiazines Obtained by Semiaqueous 
Potentiometric Titration with Literature Values 


Benzothiadiazine 


Flumethiazide 
Hydrochlorothiazide 


Hydroflumethiazide 
Cyclothiazide 
Trichloromethiazide 
Methyclothiazide (11) 
Polvthiazide 


Semiaqueous 
Potentiometric 


Literature” Titration 


6.44 (13) 6.3 
7.0 (141, 7.9 (15), 8.7 


8.9 (14), 8.45 (13) 8.5 
8.6 (16), 8.8 (13) 


- 8.8 
6.9 
9.5 
9.1 


Aqueous potentiometric titrimetry. 


Methyclothiazide (11)-After the initial solubility determination in 
25 ml of glycine buffer, the procedure was repeated at 1-hr intervals for 
6 hr and then again at  24 hr. Once decomposition was detected at pH 8.6, 
9.0, and 9.4, the suspensions stood at  room temperature for 22 days 
without agitation. 


Bendroflurnethiazide (1)-An excess of pure drug was shaken with 
10 ml of borate buffer a t  pH 8.4,9.0, and 9.6 and agitated3 continuously 
for 3 hr (3,7) at constant temperature. 


Detection of Decomposition by TLC-The I1 suspensions were 
monitored for decomposition at  0.25,0.5,0.75,1,2,3, and 24 hrand also 
at 22 days following the initial exposure to the buffers. The I suspensions 
were monitored at the same time intervals for up to 3 hr. 


At  the appropriate interval, a 50-pl aliquot of each sample was removed 
and diluted to 150 pl with acetone. The a’cetone-water aliquot then was 
applied to a silica gel-coated chromatographic sheet7 and developed in 
ethyl acetate-benzene (82) (8-10). The sheets were examined under 
shortwave (254-nm) UV lights and then sprayed with acidified p-di- 
methylamin~benzaldehyde~. 


RESULTS AND DISCUSSION 


Most benzothiadiazine diuretics are sparingly soluble in water, and 
a nonaqueous solvent must be added t o  ensure that the compounds re- 
main in solution. Thus, semiaqueous potentiometry is a logical choice 
for investigating acidity constants if apparent values for relative acidities 
must be obtained rapidly. The term “relative acidities” refers to the 
apparent ionization constants obtained in semiaqueous media for a 
particular series of structurally related compounds (1 1). Dissociation 
constants obtained by potentiometric titration in semiaqueous media 
are not thermodynamically rigorous because there is no satisfactory way 
of correlating activity coefficients in different solvent systems. The liquid 
junction potential between two solvents also is a problem. Many refer- 
ences attest to these difficulties (e.g., 1,11,12). 


The apparent pKal values obtained by potentiometric titrations of 
selected benzothiadiazines in water-acetone mixtures are given in Table 
I and are compared with literature values. Despite the problems outlined 
previously, the apparent values obtained for the pKa, of several ben- 
zothiadiazines by semiaqueous potentiometric titrimetry compare fa- 
vorably with those reported for aqueous potentiometry. This finding 
clearly suggests that the method is useful as a comparative means for 
structurally related compounds such as the benzothiadiazine diuretics, 
and it can provide accurate relative acidity constants. 


Close et al. (6) observed that boiling certain benzothiadiazines with 
alkali readily promoted opening of the thiadiazine ring system. This type 
of hydrolysis was studied by Mollica et al. (16,17) who investigated these 
effects on hydrochlorothiazide at  60° in 1 N NaOH. Accordingly, an ex- 
periment was designed in this laboratory to study the effect of pH on the 
stability of representative benzothiadiazine diuretics under the conditions 
outlined for the solubility variation with pH method of determining pKa 
values. 


The investigation was initiated with the preparation of reference de- 
composition products that were obtained by alkaline hydrolysis of ben- 
droflumethiazide (I) and methyclothiazide (11). Substitution at  the 3- 


Eastman chromagram developing apparatus and sheets (silica gel adsorbent 
with fluorescent indicator). 


Ultraviolet lamp, Applied Science Laboratories. 
p-Dimethylaminobenmldeh de (1 g), dissolved in 95% ethanol to provide a 1% 


solution, was acidified by the adhion  of 10 ml of concentrated hydrochloric acid 
(9.10). 


Table 11-Rf Values for Representative Benzothiadiazines and 
Their  Decomposition Products in Ethyl Acetate-Benzene (82)  


Color Formed with Acidified 
Compound Rf Value p-Dimethylaminobenzaldehyde 


Hydrochlorothiazide 0.17 - 
I 0.68 - 
I1 0.60 - 
I11 0.36 Lemon yellow 
IV 0.46 Lemon yellow 


position affects the overall reaction rate (16); but when 3-substituted 
benzothiadiazines are refluxed in 20% NaOH, complete hydrolysis to 
produce the corresponding benzenedisulfonamide (111 or IV) can be ex- 
pected. 


TLC analysis provided Rf values for both parent compounds (I and 
11) and the decomposition products (111 and IV) (Table 11). The presence 
of the primary aromatic amino group was confirmed by the Schiff base 
formation with acidified p-dimethylaminobenzaldehyde. 


The UV spectra of the decomposition products are similar to those of 
the parent 3,4-saturated benzothiadiazines because the basic chromo- 
phore has not been altered sufficiently to effect a change in the wave- 
length of maximum absorption. Conversion of the basic amino group to 
a free aromatic amine may cause a shift of only a few nanometers to a 
longer wavelength, and this change is insufficient to distinguish between 
the parent 3,4-saturated benzothiadiazines and their decomposition 
products. Baer et al. (18) examined the UV absorption spectra of chlo- 
rothiazide, a 3,4-unsaturated benzothiadiazine, and its decomposition 
product obtained in a basic medium and observed a 30-nm shift in the 
wavelength of maximum absorbance. 


Since the 3,4-saturated benzothiadiazines and their decomposition 
products have similar UV absorption spectra, the use of UV spectro- 
photometry to measure quantitatively the drug content of samples in the 
solubility variation with pH technique will not detect any decomposition 
taking place in the basic buffers. The pKa value ultimately derived from 
the solubility data may be that of the decomposition product or, more 
likely, a mixture of the parent benzothiadiazine and its hydrolysis 
product. 


Samples of methyclothiazide (11) and bendroflumethiazide (I) in 
buffers of pH > 9 were obtained from the solubility studies and analyzed 
by TLC. The results of the analysis indicated the presence of the ben- 
zothiadiazines and their decomposition products, as confirmed by the 
Rf values and the color reaction with acidified p-dimethylamino- 
benzaldehyde spray reagent. From this reaction, an interesting and 
unexpected result was noted. After application of the acidified p-di- 
methylaminobenzaldehyde, violet spots appeared at  the same R/ values 
as I and 11, and the color intensity of these spots increased with increasing 
pH values for the buffers. 


The aqueous samples from the solubility studies were diluted with 


Table 111-Absorbance Changes for Methyclothiazide (11) 
Relative to  Equilibration-Agitation Periods 


~ ~ ~ 


Absorbance at 267 nm 
pH Hours“ Sample 1 Sample 2 Sample 3 


8.6 0.5 
1 .o 
3.0 
4.0 -. . 


5.0 
6.0 


24.0 
528.0 


9.0 1 .o 
2.0 
3.0 
4.0 
5.0 
6.0 


24.0 
26.0 
28.0 


528.0 
9.4 3.0 


528.0 


1.138 
1.220 
1.277 
1.297 
1.303 
1.337 
1.410 
0.105 
0.938 
1.152 
1.263 
1.346 
1.412 
1.400 
1.516 
1.711 
1.790 
0.175 
1.799 
0.243 


1.146 1.198 
1.231 1.277 
1.298 1.338 
1.318 1.354 
i.320 1.372 
1.343 1.390 
1.416 1.440 
0.105 0.110 
0.842 0.893 
1.040 1.088 
i.133 1.171 
1.239 1.254 
1.333 1.324 
1.393 1.435 
1.571 1.597 
1.715 1.697 
1.808 1.745 ~~ ~ 


0.202 0.178 
1.850 1.890 
0.280 0.232 


The absorbance values at 22 days of equilibration are for diluted samples (0.1 
ml of filtrate plus 2.9 ml of the appropriate buffer). 
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acetone before they were spotted on the TLC plates, whereas the I and 
I1 reference standards were dissolved in ethyl acetate prior to TLC 
analysis. Since the violet color was not produced with samples from the 
ethyl acetate stock solutions, it can be postulated that the acidified p- 
dimethylaminobenzaldehyde only reacts with the benzothiadiazines in 
their ionized form. The color only appeared when buffers of pH > 9 (the 
region following the first pKa) were used in the solubility studies. The 
violet color faded soon after its development, indicating an unstable 
complex. 


Schiff base formation with primary aromatic and aliphatic amines 
yields yellow, orange-red, or brown products. The only record of a violet 
color that the authors could find was that of the reaction of pyrrole with 
p-dimethylaminobenzaldehyde (191, and the product rearranged into 
a quinoidal form. The type of colored complex formed between the 
benzothiadiazines and p-dimethylaminobenzaldehyde is difficult to 
postulate without further work since there is no apparent record of Schiff 
base formation with the nitrogen of a sulfonamido group. 


Decomposition during the solubility studies was evident from the TLC 
analyses of the solutions performed at  various times. Monitoring of the 
solubility samples by TLC indicated that detectable decomposition had 
occurred after 1 hr of agitation at  pH 8.6,9.0, and 9.4 for I1 and at  pH 8.4, 
9.0, and 9.6 for I. In addition to that of the parent benzothiadiazine, a spot 
was visible under shortwave (254-nm) UV light that had the same Rf 
value as the corresponding reference decomposition product (either 111 
or IV). The spots did not react visibly with acidified p-dimethylamino- 
benzaldehyde because of the low concentration of the particular de- 
composition product present in the samples a t  that time. The color 
formed, and the intensity increased, as the time of exposure of the ben- 
zothiadiazines to the basic buffers was extended. 


At  pH 8.6 for I1 and at 8.4 for I, the degradation products a t  1 hr of 
exposure were visible only under shortwave UV light; but after 3 hr of 
exposure, faint-yellow spots appeared upon application of acidified p- 
dimethylaminobenzaldehyde. Upon further exposure of the drugs to the 
basic buffers, the color of the spots increased in intensity. 


If equilibration is considered to be complete when any further change 
in the drug concentration is <3% (1,201, the 3-hr limit of agitation time 
set by Green (7) and used by &en and Back (3) is not adequate for either 
I or 11. As shown by Table 111, the concentration of I1 was still changing 
significantly once decomposition had started. The decomposition of I 
also began before the 3-hr agitation had been completed. 


Although solubility variation with pH is an ideal method for deter- 
mining thermodynamic pKa values for sparingly soluble compounds (20), 
the technique is not suitable for the benzothiadiazine diuretics. Under 
the conditions of the method, the decomposition of these drugs occurs 
before equilibration has been achieved. Work is continuing in this labo- 
ratory on the determination of pKa values for these compounds by other 
methods. 


REFERENCES 


(1) A. Albert and E. P. Serjeant, “The Determination of Ionization 
Constants: A Laboratory Manual,’’ Chapman end Hall, London, England, 
1971. 


(2) L. G. Chatten and L. E. Harris, Anal. Chem., 34,1495 (1962). 
(3) A. Agren and T. Back, Acta Pharm. Suec., 10,223 (1973). 
(4) K. Diem and C. Lentner, “Documenta Geigy Scientific Tables,” 


(5) L. G. Chatten, R. E. Moskalyk, R. A. Locock, and F. J. Schaefer, 


(6) W. J. Close, L. R. Swett, L. E. Brady, J. H. Short, and M. Vern- 


(7) A. L. Green, J. Pharm. Pharmacol., 19,lO (1966). 
(8) P. J. Smith and T. S. Hermann, Anal. Biochen., 22, 134 


(9) B. G. Osborne, J.  Chromatogr., 70,190 (1972). 


7th ed., J. R. Geigy S, A., Basel, Switzerland, 1970, pp. 280-282. 


J. Pharm. Sci., 63,1294 (1974). 


sten, J. Am. Chem. Soc., 82,1132 (1960). 


(1968). 


(10) D. Sohn, J. Simon, M. A. Hanna, G. Ghali, and R. Tolba, ibid., 


(11) R. F. Cookson, Chem. Reu., 74,5 (1974). 
(12) L. 2. Benet and J. E. Goyan, J. Pharm. Sci., 56,665 (1967). 
(13) A. Essig, Am. J. Physiol., 201,303 (1961). 
(14) “The Merck Index,” 9th ed., Merck & Co., Rahway, N.J., 1976, 


(15) “The Merck Index,” 8th ed., Merck & Co., Rahway, N.J., 1968, 


(16) J. A. Mollica, C. R. Rehm, J. B. Smith, and H. K. Govan, J. 


(17) J. A. Mollica, C. R. Rehm, and J. B. Smith, ibid., 58, 635 


(18) J. E. Baer, H. L. Leidy, A. V. Brooks, and K. H. Beyer, J. Phar- 


(19) F. Feigl, “Spot Tests in Organic Analysis,” 7th ed., Elsevier, 


(20) C. C. Peck and L. Z. Benet, J .  Pharm. Sci., 67.12 (1978). 


87,570 (1973). 


pp. 4674,4686. 


p. 541. 


Pharm. Sci., 60,1380 (1971). 


(1969). 


macol. Erp. Ther., 125,295 (1959). 


Amsterdam, The Netherlands, 1966, pp. 381,382. 


ACKNOWLEDGMENTS 


U. G. Hennig gratefully acknowledges the research scholarship pro- 
vided by Pfizer Co., and S. F. Chan thanks the MedicalResearch Council 
of Canada for a summer studentship. 


The authors acknowledge the reference standards generously supplied 
by the following manufacturers: Abbott Laboratories, Bristol Labora- 
tories of Canada, CIBA Pharmaceutical Co., Eli Lilly and Co., Merck 
Sharp & Dohme Canada, Pfizer Co., A. H. Robins Co., Schering Corp., 
and E. R. Squibb and Sons of Canada. The authors also thank Dr. R. J. 
Flanagan for the mass spectra. 


Journal of Pharmaceutical Sciences I 319 
VOI. 70, NO. 3, March 1981 








1 oa 
W 
D 
3 


J 
k 


a s 
a 7 r  7-7- 1 


10 50 100 150 200 
SPECTRUM NUMBER 


1001 No 


-165 200 250 


'E 'i 


262 
A 


230 250 300 350 
m lz 


400 


100 


w 
D 
3 


-I 
0 


k 


5 a 


m lz 
L T D  CHROM 


m1e.360 


I,; 
-210 250 


m 11 
Figure 3-GLC-mass spectrometric chromatogram, as trifluoroacetyl 
derivatives, of the 24-hr urinary extract of a rat administered meperi- 
dine. Key: upper left, integrated total ion current chromatogram; middle 
right; limited chromatogram a t  m/z 360; spectrum 47, meperidine; 
spectrum 56, p-hydroxymeperidine; spectrum 11 7, normeperidine; and 
spectrum 146, lidocaine (added internal standard). 


56 showed m/z 388 (M + B)+, 360 (M + l)+, and 340 (M - fluohde ion)+. 
The identity of p-hydroxymeperidine and normeperidine as metabolites 
thus was established and confirmed the observation of Lindberg et al. 
(5) that p-hydroxymeperidine is a metabolite of meperidine in the rat. 


Urinary Excretion of Meperidine and Its Metabolites in Rats-A 
preliminary determination of the urinary excretion of meperidine and 
its metabolites in the rat indicated meperidine (6.1%), p-hydroxyme- 
peridine (0.36%), total meperidinic acid (16.1%), normeperidine (24%), 
and total normeperidinic acid (3.9%) of administered meperidine hy- 
drochloride (35 mghg). A detailed study of the urinary disposition of 


Electrokinetic Studies of Magnesium 


HANS SCHOTT 


meperidine and its metabolites in several mammalian species will be 
reported in a separate paper. 
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Abstract 0 The electrophoretic mobility of magnesium hydroxide was 
studied as a function of the concentration of its potential-determining 
ions, namely, of the magnesium ions, and of the hydroxide ions or pH. 
The zero point of charge was located at  -10.8. The {-potential of mag- 
nesium hydroxide below this pH was pmitive. The addition of magnesium 
nitrate to magnesium hydroxide suspensions increased the positive 
{-potential and lowered the pH. The low solubility of magnesium hy- 
droxide in water prevented the attainment of substantial concentrations 


~ ~ ~~~~ ~~ 


of magnesium ions in solution. Increasing the hydroxide-ion concentra- 
tion or the pH produced charge inversion. The largest negative {-potential 
was attained at  pH 11.5. Further increases in pH produced no significant 
increase in the negative value of the {-potential. 


Keyphrases 0 Magnesium hydroxide-electrophoretic mobility in 
aqueous solution D Electrophoretic mobility-magnesium hydroxide 
in aqueous solution 0 Zero point of charge-magnesium hydroxide 


Even though magnesium hydroxide suspensions are 
used extensively as antacids and laxatives, the information 
available on their electrokinetic properties is meager. Two 


sets of limited data, based on electro-osmosis and elec- 
trophoresis, were published in 1917 and 1934, respectively, 
for magnesium hydroxide that was precipitated with little 
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Table I-Electrophoretic Mobility Values of Magnesium Hydroxide in Various Media 


Specific 
Electrolytes and Mobility f S E W ,  Conductance, 


SusDension Concentrations (rrmlsec)l(v/cm) millimho/cm DH 


1 0.0200 M NaN03 
2 0.0200 M NaN03 
3 0.0100 M NaN03bsc 
4 0.00666 M NazS04 
5 
6 0.00666 M Mg(N03)~ 
7 0.00666 M Mg(N03)zb 
8 0.00333 M Mg(N03)~' 
9 


10 
11 
12 
13 0.0200 M NaOH 


0.0100 M NaN03 + 0.00333 M Mg(NO& 


0.0195 M NaNO3 + 0.0005 M NaOH 
0.0180 M NaNO3 + 0.0020 M NaOH 
0.0150 M NaN03 + 0.0050 M NaOH 
0.0100 M NaN03 + 0.0100 M NaOH 


1.60 f 0.06 
1.29 f 0.06 
1.36 f 0.07 
1.64 + 0.05 
i.91 Io .09 
2.07 f 0.10 
1.85 f 0.05 
2.75 f 0.07 
1.36 f 0.07 


-1.62 f 0.04 
-1.95 f 0.04 
-1.96 f 0.05 
-1.99 f 0.04 


2.43 
2.23 
1.15 


1.89 
1.49 
1.49 
0.74 


2.08 
2.97 
3.72 
5.00 


- 


- 


9.6 
9.6 


10.2 
9.5 
9.4 
9.0 
9.5 
9.8 


10.2 
11.2 
11.5 
11.8 
12.2 


Average of 10 measurements f SEM. Contained approximately 10 times more suspended magnesium hydroxide. All other suspensions contained 0.1 ghiter of .magnesium 
hydroxide. At an initial ionic strength of 0.0100 M, i.e., one-half of that of other suspension media. 


or no subsequent purification (1,2). The ionic strength of 
the suspensions apparently was not controlled. 


This paper reports the electrophoretic properties of 
magnesium hydroxide with emphasis on the effect of po- 
tential-determining ions on its electrophoretic mobility. 


BACKGROUND 


Potential-determining ions are ions whose concentration in solution 
determines the $0-potential of the suspended particles, i.e., the electric 
potential a t  the particle surface (3-5). For magnesium hydroxide, the 
potential-determining ions are the magnesium ions and hydroxide ions. 
Since these ions determine the potential a t  the particle surface rather 
than the {-potential a t  the plane of shear within the electric double layer, 
they affect the colloidal properties of magnesium hydroxide suspensions 
more strongly than other ions, which cannot become an integral part of 
the particle surface. 


The state of aggregation of colloidal dispersions and coarse suspensions 
depends on the magnitude of the electrostatic repulsion between particles 
that opposes the omnipresent interparticle London-van der Waals at- 
traction. The former, in turn, depends on the $0- and {-potentials. Thus, 
the state of aggregation of suspended magnesium hydroxide is strongly 
pH dependent because the hydrogen-ion concentration in aqueous media 
varies inversely with the concentration of the potential-determining 
hydroxide ions. 


Slightly soluble hydroxides M'+(OH); of polyvalent cations are am- 
photeric; z represents the valence of the cation. The surface charge of the 
hydroxide particles depends on the composition of their surface layer, 
[Mz+(OH),]z-n. At relatively low pH values where z > n, a positive 
charge results because, in the case of magnesium hydroxide, the ratio of 
the concentration of magnesium ions to that of hydroxide ions in the 
surface layer exceeds 1:2. Alternatively, the positive charge may be as- 
cribed to proton adsorption on a neutral surface. At high pH values where 
z < n, a negative surface charge results. 


At an intermediate pH where z = n, the particles have a zero net sur- 
face charge. At this pH, known as the zero point of charge or isoelectric 
point (3-6), the surface layer has the same 1:2 ratio of magnesium-ion 
concentration to hydroxide-ion concentration as the bulk of the particles. 
Since the surface layer is electrically neutral, the $0- and {-potentials of 
the magnesium hydroxide particles are zero. 


Because an electric surface charge is absent, the suspensions are floc- 
culated more extensively at the zero point of charge than at any other pH, 
as was demonstrated by maxima in the rate and volume of sedimentation 
and in viscosity (3-5). Hence, the tendency toward caking is smallest a t  
the zero point of charge. Old electro-osmosis (1) and electrophoresis (2) 
measurements indicated a zero point of charge of -12 for nonpurified 
magnesium hydroxide, while recent correlations placed the zero point 
of charge of pure magnesium hydroxide at  12.0 (7) and at  12.3 (8). 


EXPERIMENTAL 


Materials-All chemicals were ACS reagent grade. The water was 
double distilled and free of carbon dioxide. Magnesium hydroxide was 
precipitated by the action of sodium hydroxide on magnesium sulfate, 
using a literature procedure (9) with the following two modifications. The 


sodium hydroxide was prepared fmt as a 50% solution, which was filtered 
to remove any traces of sodium carbonate. A slurry of the precipitated 
magnesium hydroxide was prepared in water, filtered, and washed ex- 
tensively with water on the filter. This procedure was performed eight 
times. 


M e t h o d e T h e  electrophoretic mobility of magnesium hydroxide 
suspensions was determined by microelectrophoresis using a commercial 
instrument' with an acrylic cell equipped with a cylindrical molybdenum 
anode and a platinum-iridium strip cathode. The cell constant and 
equations for calculating specific conductance of the suspension from 
current intensity, electrophoretic mobility from velocity of migration, 
and {-potential from electrophoretic mobility were reported previously 
(10). The ionic strength was maintained constant a t  0.0200 M for most 
measurements and at 0.0100 M for the others. 


Most suspensions for electrophoretic measurements were prepared 
by diluting 0.5 ml of 2.0% (w/v) magnesium hydroxide stock suspensions 
with 99.5 ml of the various electrolyte solutions. The final magnesium 
hydroxide concentration is 10 times higher than its solubility in water. 


The electrophoresis cell was filled with two aliquots from each diluted 
Suspension, and five particles were tracked for each aliquot. All electro- 
phoretic measurements were made within 30 min of mixing but, in the 
two instances tested, aging for 4 hr did not alter the results. 


The pH of each diluted suspension aliquot was measured before and 
after the mobility determinations. The differences between the two 
readings were 0.2 pH unit or less. 


RESULTS 


The results are presented in Table 1. Negative values of the electro- 
phoretic mobility indicate that the particles were negatively charged and 
migrated to the anode. 


Preliminary measurements indicated that the concentration of mag- 
nesium hydroxide present in a suspension had some effect on electro- 
phoretic mobility. Comparison of Suspensions 1 and 2 and of 6 and 7 
shows that higher magnesium hydroxide concentrations resulted in lower 
mobilities. These decreases were about an order of magnitude greater 
than the increase in apparent viscosity resulting from the higher mag- 
nesium hydroxide concentration, indicating that viscosity increases did 
not cause the drop in mobility. Subsequent rneasurementa were made 
at  the constant magnesium hydroxide concentration of 0.10 ghiter. 


Suspensions 1 and 4, in which the supporting electrolytes were sodium 
nitrate and sodium sulfate of identical ionic strengths, respectively, had 
the same electrophoretic mobility within experimental error. This fact 
indicates that there was no specific interaction between magnesium hy- 
droxide and either anion. Specific anion effects are due exclusively to the 
hydroxide ion. 


Effect of Magnesium Ion-Comparison of the electrophoretic mo- 
bility of Suspensions 1 and 5 shows that the addition of the potential- 
determining magnesium ions as the soluble nitrate increased the positive 
electrophoretic mobility or the positive l-potential by -2W. Evidently, 
this addition forced more magnesium ions into the particle surface, in- 
creasing the positive surface-eharge density. However, because of the low 
solubility product of magnesium hydroxide (1.6 X lo-"), the concen- 


* Zeta-Meter, Zeta Meter Inc., New York, N.Y. 
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Figure 1-Electrophoretic mobility of magnesium hydroxide as a 
function o f p H .  The conditions were ionic strength of 0,0200 M and no 
added soluble magnesium salt. 
tration of magnesium ions in solution cannot exceed M. All or most 
of the magnesium added as magnesium nitrate to make Suspension 5 
must have precipitated as magnesium hydroxide. 


Further addition of magnesium nitrate, which occurred when going 
from Suspension 5 to Suspension 6, produced only a minor change in 
electrophoretic mobility which was not statistically significant. Evidently, 
the incorporation of excess magnesium ions from solution into the surface 
layer of magnesium hydroxide particles became increasingly more dif- 
ficult as their {-potential became more positive because the increasingly 
greater excess of magnesium ions over hydroxide ions in the surface layer 
resulted in greater positive surface-charge density, which, in turn, caused 
increased electrostatic repulsion of the added magnesium ions and in- 
creased attraction for the hydroxide ions (5). 


The replacement of sodium nitrate by equivalent amounts of magne- 
sium nitrate caused the pH to drop from 9.6 (before such replacement, 
Suspension 1) to 9.4 (when half of the sodium nitrate was replaced by 
magnesium nitrate, No. 5) to 9.0 (when all of the sodium nitrate was re- 
placed, Suspension 6). Similarly, Suspension 8, with one-half of the 
concentration of added magnesium nitrate aa Suspension 6, had a pH that 
was 0.8 unit higher. The decreases in pH produced by the addition of 
magnesium nitrate were probably due to the adsorption of hydroxide ions 
from solution onto the surface of positively charged magnesium hydroxide 
particles, especially of those particles that freshly precipitated as a result 
of the addition of magnesium nitrate in amounts exceeding the magne- 
sium hydroxide solubility. 


An equivalent explanation for this decrease in pH is the hydrolysis of 
most of the added magnesium nitrate according to the equilibrium Mg2+ 
+ 2H20 F= Mg(OH)&) + 2H+. In view of the low solubility product of 
magnesium hydroxide and the high pH, the bulk of the magnesium ions 
added as magnesium nitrate must have precipitated as magnesium hy- 
droxide with the simultaneous formation of hydrogen ions, shifting the 
equilibrium forward. 


Effect of Hydroxide Ion-While the magnesium-ion concentration 
cannot be raised much in the vicinity of the zero point of charge because 
of precipitation of magnesium hydroxide, the concentration of the hy- 
droxide ions can be raised considerably. With an increasing concentration 
of added hydroxide ions and an increasing pH at  a constant ionic strength 
of 0.0200 M, the electrophoretic mobility became less positive (Suspen- 
sions 1 and 9), went through zero, and, after charge inversion, became 
negative (Suspensions 10-13). 


Cornparkon of the electrophoretic mobilities of Suspensions 10-13 was 


made by the F test (11). When Suspension 10 was included, the differ- 
ences between the four mobility values were statistically significant. 
Without Suspension 10, the differences between the three mobility values 
of Suspensions 11-13 were not significant, despite the trend of increas- 
ingly greater negative mobility values with increasing pH. At constant 
ionic strength, hydroxide-ion concentrations above those corresponding 
to pH 11.5 did not increase the negative value of the c-potential of mag- 
nesium hydroxide. This observation may indicate that the surface layer 
of the magnesium hydroxide particles consisted of a monomolecular layer 
of extra hydroxide ions at  pH 311.5 (5). 


Zero Point of Charge-Direct determination of the zero point of 
charge as the pH corresponding to zero mobility was unsuccessful. At  pH 
10.8 and an ionic strength of 0.0200 M, many particles did not move in 
the electric field, some particles moved sluggishly toward the anode, and 
others migrated toward the cathode. 


Therefore, the zero point of charge was estimated by graphical inter- 
polation of the electrophoretic mobility values obtained at  a constant 
ionic strength of 0.0200 M in the absence of added magnesium nitrate 
(Suspensions 1,4, and 9-13). These points (Fig. 1) form the familiar S- 
shaped curve (12). The best zero point of charge estimate, corresponding 
to the smoothest and most symmetric curve (solid line), is 10.8. The es- 
treme values (dotted lines) are 10.7 and 10.9. The zero point of charge 
value of 10.8 is certainly accurate within a range of f0.2. 


This 10.8 value is more than one pH unit below the published zero point 
of charge values. The 1917 and 1934 publications (1,2) did not indicate 
how extensively the magnesium hydroxide samples were purified or 
whether they were separated from the mother liquor, nor did they specify 
the ionic strength of the suspensions or whether the ionic strength was 
controlled. 


The addition of magnesium nitrate to magnesium hydroxide suspen- 
sions, which may be considered analogous to purifying precipitated 
magnesium hydroxide incompletely, increased the positive value of the 
electrophoretic mobility and lowered the pH. However, it is doubtful that 
these changes could increase the zero point of charge by a full pH 
unit. 


DISCUSSION 


There are probably two reasons why the nitrate and sulfate anions 
produced no specific effects on the 1-potential. First, these anions do not 
form complexes with magnesium ions in aqueous solution, thereby 
making their uptake by the magnesium hydroxide particles unlikely. By 
analogy with aluminum hydroxide (13,14), the chloride and citrate an- 
ions, being better ligands, are probably cbemisorbed to some extent by 
magnesium hydroxide, affecting its colloidal properties. 


Second, magnesium nitrate and magnesium sulfate are very soluble 
in water as opposed to the phosphates, fluoride, and carbonate of mag- 
nesium, which range from very slightly soIubIe to insoIubIe. If the latter 
anions were present in magnesium hydroxide suspensions, they probably 
would be bound extensively to the surface layer of the particles, possibly 
acting as potential-determining ions, and affect their colloidal properties 
considerably. 


The observation that mobility values depended on the solids content 
of the magnesium hydroxide suspensions may be due to impurities, or 
even to somewhat soluble magnesium hydroxo complexes (15), released 
from the suspended solids during electrophoresis. It is impossible to wash 
gelatinous precipitates such as magnesium hydroxide completely free 
of adsorbed ions. The product used in the present experiments was similar 
to that of commercial magnesium hydroxide pastes used to manufacture 
milk of magnesia, except that it was washed more extensively. Thus, the 
present data are applicable to  the formulation of antacid and laxative 
suspensions based on magnesium hydroxide. 


Precipitated magnesium hydroxide purified further by electrodial- 
ysis-electrodecantation or magnesium hydroxide prepared in the absence 
of anions other than hydroxide, e.g., by the reaction of water with mag- 
nesium amalgam or with dialkyl magnesium compounds, could well ex- 
hibit zero point of charge values a t  variance with the present estimate. 
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Abstract To elucidate the molecular requirements of the active 
sites of cholinergic receptors, 3-methyl-4-oxo-l-(N,N-dimethylamino- 
methyl)cyclopent-2-ene methiodide (2,3-dehydrodeoxamuscarone) and 
cis- and trans-3-methyl-4-hydroxy-1-(N~-dimethylaminomethyl)cy- 
clopent-2-ene methiodides (cis- and trans-dehydrodeoxamuscarines) 
were synthesized and tested. The results, compared with those of the 
corresponding oxygenated compounds, seem to indicate that 2,3-dehy- 
drodeoxamuscarines and muscarine bind at  the same site while 2,3- 
dehydrodeoxamuscarone interacts with the site normally occupied by 
muscarone. Furthermore, the previously suggested hypothesis that the 
unpolar site might somehow incorporate that of muscarone was consid- 
ered. 


Keyphrases Cholinergic recepton-molecular requirements of active 
sites, synthesis of 2,3-dehydrodeoxamuscarone and cis- and trans- 
dehydrodeoxamuscarines 0 Structure-activity relationships-2,3- 
dehydrodeoxamuscarone and cis- and trans-dehydrodeoxamuscarines, 
molecular requirements of cholinergic receptors, dualism of receptor 
active sites 2,3-Dehydrodeoxamuscarone and 2,3-dehydrodeoxamus- 
carine-synthesis and biological activity 


To investigate the molecular requirements of cholinergic 
receptors, many compounds incorporating a cyclopentane 
nucleus were synthesized in the past few years (1). As a 
consequence of these studies, the hypothesis of Triggle and 
Triggle (2) concerning an accessory site of reduced polarity 
and low steric demand of the cholinergic receptor gained 
further support (3-5). In fact, most of these compounds, 
although lacking oxygenated functions, are fairly active 
on both nicotinic and muscarinic receptors. However, their 
specificity is generally low when compared with the cor- 
responding oxygenated compounds (ie., muscarine). 


To gain more information on the dualism of the active 
site of the cholinergic receptors, cis- and trans-3- 
methyl - 4 - hydroxy - 1 - (NJV- dimethylaminomethy1)cyclo- 
pent-2-ene methiodides (cis- and trans-2,3-dehydrode- 
oxamuscarines, Ia and Ib) and 3-methyl-4-oxo-l-(NJV- 
dimethylaminomethyl)cyclo-pent-2-ene methiodide 
(2,3-dehydrodeoxamuscarone, 11) were synthesized and 
tested. Their pharmacological results were compared with 
those of 3-methyl-l-(N,N-dimethylaminomethyl)cyclo- 
pent-2-ene methiodide (III), because it incorporates a 


0 


CH,N(CH& I- CH3 hCH,6(CH3)3 I- 
l a : X = H  Y = O H  
I b : X =  O k , Y =  H 
111: X = Y = H 


II 


double bond at  the same position 2 of the cyclopentyl 
moiety as a basic feature and is one of the most active 
compounds among those lacking oxygenated functions 
(5). 


EXPERIMENTAL 


Melting points’ were taken in sealed capillaries and are uncorrected. 
NMR spectra were recorded on a 90-MHz apparatus2 with tetrameth- 
ylsilane or 3-(trimethylsilyl)propanesulfonic acid sodium salt as the in- 
ternal standard. Chromatographic separations were performed on silica 
gel (KieselgeP 60,0.063-0.200 mm) columns. Organic solutions were dried 
over anhydrous sodium sulfate. 
3-Methyl-4-oxo-l-carbomethoxycyclopent-2-ene (V1)-Bromine 


(7.56 ml) in carbon tetrachloride (100 ml) was added to a vigorously 
stirred solution of V (21.9 g) (6) in carbon tetrachloride (100 ml) a t  room 
temperature. After the reaction started, the addition was continued with 
cooling at  Oo. The solvent then was evaporated to give an oil, which was 
kept a t  120° for 15 min under 50 mm pressure and then distilled, bp 
130-135°/30 mm (12.7-g y;eld); IR4 (liquid film): 1640 (C=C), 1710 
(C=O), and 1735 (COO) cm-1; NMR (chloroform-d): 6 1.70 (broad s, 3H, 
3-CHd. 2.60 (d. 2H, 5-HA 3.70 (s,3H, OCHA 3.50-4.00 (m, lH, 1-Hf, 
and 7-13 (m, IH, 2-H) ppm. 


Anal.-Calc. for CsHloOs: C, 62.32; H, 6.54. Found C, 62.20; H, 
6.60. 


cis- and trans-3-Methyl-4-hydroxy-l-carbomethoxyc~cl0- 
pent-2-enes (VIIa and VII b)-The overall procedure recommended 
by Brown and Hess (7) was followed. Thus, a solution of 0.55 M 9-bora- 
bicyclo[3.3.l]nonane in tetrahydrof~ran~ (36.5 ml) was added dropwise 
over 2 hr to a stirred and cooled ( O O )  solution of VI (3 g, 19.5 mmoles) in 
dry tetrahydrofuran (5 ml) under a dry nitrogen stream. After 4 hr at Oo, 


1 Bechi SMP-20 a paratus. 
2 Model EM-390, tarinn. 


Merck. 
4 Perkin-Elmer 297 spectrophotometer. 
6 Aldrich. 
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REVIEWS 


Pharmaceutical Microbiology, 2nd Ed. Edited by W. B. HUGO and 
A, D. RUSSELL. Blackwell Scientific Publications. Osney Mead, 
Oxford OX2 OEL, England. 1980.352 pp. 15 X 23 cm. Price $26.75 (soft 
cover). 
The editors of this book state that: “Pharmaceutical microbiology may 


be defined as that part of microbiology which has a special bearing on 
pharmacy in all its aspects.” “As this book is aimed at undergraduate 
pharmacy students (as well as microbiologists entering the pharmaceu- 
tical industry) we were under constraint to limit the length of the book 
to retain it in a defined price range.” 


The 21 British authors are from universities and medical schools (11 
contributors), industry (nine), and government laboratories (one). The 
book is divided into four parts: Biology of Microorganisms, Antimicrobial 
Agents, Microbiological Aspects of Pharmaceutical Processing, and The 
Future. 


In Part I, bacteria, molds and yeasts, and viruses are treated in brief 
chapters with sufficient detail for the purpose of this book. 


Part I1 constitutes one-half of the book and considers the manufacture 
of antibiotics and immunological products, the evaluation and properties 
of antibiotics, disinfectants, antiseptics, and preservatives, and quality 
control of immunological products. 


The ecology of bacteria in an industrial environment, the theory and 
practice of sterilization, spoilage of pharmaceutical products, and sterility 
testing are discussed in Part 111. 


Part IV is a one-page review of the outstanding problems in the fields 
covered in the book. Most of the references are to British journals. 


The brief account of microbiological assays for antibiotic substances 
is a decade or two out of date with regard to both theory and practice. The 
nonexistent second edition of “Analytical Microbiology” was given as 
a reference instead of the correct citation of Volume two. 


In addition to its intended audience, the book is recommended to those 
in the pharmaceutical industry who need a brief introduction to a very 
broad subject. It enables administrators to learn what their scientists have 
done and are or should be doing. This book is a handy general reference 
to the multitudinous aspects of microorganisms and antibacterial agents 
and their interactions. It could be as useful to those outside the phar- 
maceutical industry as to those inside. 


Reuiewed by Frederick Kavanagh 
829 36th St., N. W. 
Corvallis, OR 97330 


Concepts in Drug Metabolism, Par t  A. Edited by PETER JENNER 
and BERNARD TESTA. (Drugs and Pharmaceutical Sciences, Vol. 
10.) Dekker, 270 Madison Ave., New York, NY 10016.1980. 409 pp. 
15 X 23 cm. Price $49.50. 
“Concepts in Drug Metabolism,” in two multiauthored parts, presents 


a wide ranging collection of essays on major topics in drug metabolism 
and allied fields which reflect the viewpoints held by the experts in the 
field. 


The contents of Part A are divided into seven chapters which deal with 
the following topics: the significance of analytical techniques in drug 
metabolism studies; a structural approach to selectivity in drug metab- 
olism and disposition; mechanisms of oxidative functionalization reac- 
tions; conjugation reactions; the role of extrahepatic metabolism in drug 
disposition and toxicity; developmental implications; and the use of 
metabolite data in the evaluation of pharmacokinetics and drug action. 
Because each chapter was written by a different author, some overlap 
between the contributions has occurred. According to the editors, the 
authors were requested to present the reader with a wide ranging and 
conceptual approach to each topic. As a consequence, the chapters tend 
to reflect the personalities and views of the authors. The reader will find 
that some chapters are quite philosophical in their approach, while other 
chapters make use of large bodies of factual information to illustrate the 
underlying concepts. 


“Concepts in Drug Metabolism” complements well Volume 4 of the 
Drugs and Pharmaceutical Sciences series, which was entitled “Drug 


Metabolism: Chemical and Biochemical Aspects” (1976) and was written 
by Testa and Senner. Graduate students and researchers in drug me- 
tabolism in the fields of pharmacology, medicinal chemistry, toxicology, 
and biochemistry will find the book to be a valuable guide as well as an 
important source of new ideas. There are several drawbacks. With few 
exceptions, Part A represents a review of the literature prior tc 1978. The 
book was published in 1980 and represents a gap of 2 years in the litera- 
ture. Furthermore, although the two-volume set, in combination with 
the earlier book by Testa and Jenner, would make an excellent text for 
a graduate-level course in drug metabolism, the cost of the baoks tends 
to be prohibitive. 


Part A presents an authoritative overview of vital topics and devel- 
opments in drug metabolism and related areas and is highly recom- 
mended . 


Reviewed by Sidney J. Stohs 
Department of Biomedicinal 


College of Pharmacy 
University of Nebraska Medical 


Omaha, NE 68105 


Chemistry 


Center 


Iatrogenic Diseases, 2nd Ed. By P. F. D’ARCY and J. P. GRIFFIN. 
Oxford University Press, 200 Madison Ave., New York, NY 10016. 
1980.546 pp. 18 X 24 cm. Price $67.50. 
The first edition of this text appeared in 1972. Other than Moser’s 


“Diseases of Medical Progress” and “Drug Induced Diseases” by Meyler 
and Peck, publiihed in 1972, there are no comprehensive books that cover 
adverse reactions from the perspective of this text. The book contains 
26 chapters and two appendixes. The chapters are arranged by body 
system or site (i.e., skin disease, blood dyscrasias, renal disease, and 
disorders of the eye). 


There is a chapter on teratogenic and other possibly harmful effects 
of drugs in pregnancy, a chapter on drugs excreted in the breast milk, and 
a table of drug interactions. 


The introductory chapters provide concise and informative overviews 
of the monitoring and epidemiology of adverse drug reactions. All major 
adverse reaction surveillance programs are described, and the major 
outcomes are highlighted. Types of reporting are categorized in an in- 
teresting and useful manner (e.g., drug-oriented monitoring, disease- 
oriented monitoring, complication-oriented monitoring, monitoring 
children, and monitoring geriatrics). A well-designed tabulation provides 
the reader with virtually all of the studies of adverse reactions in hospi- 
talized patients from 1964 through 1977. A nicely worded and concise 
description of various factors (e.g., sex, age, genetics, and disease states) 
that may adversely affect patient responses to drugs is presented. 


Each chapter is written in a crisp, authoritative, and comprehensive 
manner. Useful details on the pathophysiology of many drug-induced 
adverse reactions are presented in a logical and succinct manner. Each 
chapter is well referenced, apparently up through some portion of 
1978. 


The index is extensive, providing the reader with cross-referencing to 
adverse effects by drug, specific adverse effects, and broad general 
categories. One disadvantage to many American readers is the lack of 
cross-referencing of British drug names. For example, pethidine, para- 
cetamol, rifampicin, and sulphafurazole are not cross-referenced to their 
US. counterparts (meperidine, acetaminophen, rifampin, and sulfisox- 
azole, respectively). 


The reader will not find this book to be an encyclopedic review of ad- 
verse reactions, such as is afforded by Meyler and Herxheimer in their 
unexcelled offering, “Side Effects of Drugs.” However, its unique ap- 
proach and crisp style make it an invaluable addition to the bookshelf 
of the practitioner. It fills a void not covered by any other reference book 
of current vintage. 


Reviewed by Fred J. Salter 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, VA 23298 
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Abstract 0 A sensitive assay is described for the calcium antagonist 
perhexiline maleate. Alkalinized plasma was extracted with n-hexane, 
the organic phase was evaporated, and the residue was dansylated prior 
to analysis by reversed-phase high-performance liquid chromatography 
using a fluorescence detector. Perhexiline was resolved from its mono- 
and dihydroxylated metabolites, and the limit of sensitivity was 5 ng of 
perhexiline/ml. This limit represents approximately 100 times the sen- 
sitivity of the previously described GLC assay. Single-dose pharmaco- 
kinetic studies were performed with 150- and 300-mg oral doses of per- 
hexiline maleate in five patients with severe angina pectoris and impaired 
left ventricular function. Peak plasma perhexiline levels occurred 3-6 
hr after drug ingestion in four patients and after 12-18 hr in the fifth 
patient. The mean elimination half-life, measured 24 hr after drug in- 
gestion, varied with plasma perhexiline concentration. It was 11.2 f 2.1 
hr after the 150-mg dose and 19.1 i 2.8 hr after the 300-mg dose. The 
mean ratio of areas under the concentration-time curve for the 300- 
versus 150-mg doses was 5.31, suggesting that hepatic metabolism of 
perhexiline may be saturable and that the bioavailability of perhexiline 
is dose dependent. 


Keyphrases 0 Perhexiline maleate-high-performance liquid chro- 
matographic assay, human plasma 0 High-performance liquid chro- 
matography-analysis, perhexiline in human plasma Vasodilators, 
coronary-perhexiline, high-performance liquid chromatographic 
analysis in human plasma 


~~~~~ 


Perhexiline maleate, a calcium antagonist, is used as a 
prophylactic antianginal drug (1,2) and shows promise as 
an antiarrhythmic agent (3). In spite of the impressive 
therapeutic efficacy of perhexiline, its clinical use has re- 
mained limited largely due to the occurrence, with long- 
term use, of severe adverse effects such as peripheral 
neuropathy and hepatotoxicity (4). 


This paper reports the development of a sensitive 
high-performance liquid chromatographic (HPLC) assay 
for perhexiline maleate in plasma and its application to the 
'study of single-dose pharmacokinetics of perhexiline in 
patients with severe angina pectoris. 


The data suggest that the bioavailability of perhexiline 
is dose dependent. This information may be of value in 
avoiding toxic drug levels. 


EXPERIMENTAL 


Instrumentation-Assays were carried out using a constant-flow, 
high-performance liquid chromatograph' equipped with a solvent de- 
livery system2, a universal injector3, and a filter fluorescence detector4 
operating with standard excitation5 and emission6 filters corresponding 
to nominal wavelengths of 360 and 510 nm, respectively. The stainless 
steel column (30 cm long X 3.7 mm i.d.) was prepacked'. 


Reagents-Perhexiline maleate [2-(2,2-dicyclohexylethyl)piperidine 
maleate, I], the internal standard hexadiline hydrochloride [ 1,l-dicy- 


Waters Associates, Chippendale, Sydney, Australia, 2008. 
*Model 6000A, Waters Associates. 


Model U6K, Waters Associates. 
Fluorichrom, Varian Pty. Ltd., Victoria, Australia, 3170. 
No. 7-54 and 7-50, Varian Pty. Ltd. 
No. 4-76 and 3-71, Varian Pty. Ltd. 
GBondapak C18, Waters Associates. 


clohexyl-2-(2-piperidyl)ethylene hydrochloride, 111, and a mixture of the 
4-monohydroxy and 4,4'-dihydroxy metabolites of perhexiline were useds. 
The derivatizing reagent was dansyl chlorides. n-Hexane, cyclohexane, 
benzene, methylene chloride, ethyl acetatelo, ether", and dimethyl 
sulfoxide12 were analytical reagent grade, and methanol was HPLC 
grade'. 


Standard Solutions-Standard solutions of perhexiline maleate (2 
pg/ml) and hexadiline hydrochloride (1.4 pg/ml) were prepared by dis- 
solving pure drug in dimethyl sulfoxide (2 ml) and diluting the resultant 
solutions to 250 ml with 0.1 N HCl. All solutions were stable when stored 
a t  -20' for 30 days. 
Extraction-Tris(hydroxymethy1)aminomethane buffer (0.5 ml, 2 


M, pH 8.75), hexadiline (0.1 ml), and n-hexane (7 ml) wereadded to 1.0 
ml of plasma in a polypropylene tube13. Each sample then was mixed" 
for 1 min and centrifuged at  3000 rpm for 15 min. The upper n-hexane 
layer was transferred to a polypropylene tube and evaporated to dryness 
under nitrogen a t  60°. Sodium bicarbonate solution (0.1 ml, 0.1 M, pH 
10) and dansyl chloride (0.1 ml, 0.01 M) in acetone were added to the 
remaining residue and mixed'? 


The derivatization was allowed to proceed for 20 min at 37'. Each tube 
was extracted with 3 ml of n-hexane by mixingI4 for 20 sec. Following a 
quick centrifugation (1 min) to separate the phases, the n-hexane layer 
was transferred to another clean polypropylene tube and evaporated to 
dryness at 60' under nitrogen. The dry residue was stable for 7 days when 
stored at -20'. 


Each sample was reconstituted in 0.1 ml of mobile phase prior to 
chromatography. 


Chromatography-The injection volumes were 50 pl. The mobile 
phase was methanol-water (92.57.5) maintained at  a flow rate of 1.2 
ml/min with a back pressure of lo00 psi. The retention time for both the 
mono- and dihydroxylated metabolites was 5.3 min whereas the retention 
times for hexadiline and perhexiline were 13.7 and 15.7 min, respec- 
tively. 


Quantitation-Standard curves for the determination of perhexiline 
maleate were prepared by spiking drug-free plasma samples. The curve 
used for the estimation of perhexiline levels following single-dose phar- 
macokinetic studies was in the range of 0-5000 ng/ml. 


Recoveries from spiked plasma samples were obtained by comparing 
the peak height of perhexiline after extraction with the corresponding 
peak height obtained on the same amount of perhexiline chromato- 
graphed from a dansylated stock solution. 


The perhexiline maleate concentrations in unknown plasma were de- 
termined from a graph in which the peak height ratios of perhexiline to 
the internal standard (hexadiline) were plotted against the concentrations 
of known standards. 


Patients and Sampling Procedure-Five patients (68-75 years old), 
suffering from severe angina pectoris for which perhexiline administra- 
tion was clearly indicated, were studied after obtaining written consent, 
After an overnight fast, 150 mg of perhexiline maleate was given as a 
single dose. Patients continued to fast for 3 hr after ingestion. Immedi- 
ately prior to the 150-mg dose and at  0,0.5,1,1.5,2,2.5,3,3.5,4,5,6,8, 
12, 18, and 24 hr, 10-ml blood samples were taken from an indwelling 
catheter in a forearm vein and placed in heparinized tubes for assay of 
plasma perhexiline concentrations. Samples were centrifuged immedi- 
ately to separate the plasma, which was stored frozen at - 2 O O  until it was 
assayed. 


Forty-eight hours after the first dose, a second dose of 300 mg of per- 


Merrell-National Laboratories, Cincinnati, Ohio. 
Sigma Chemical Co., St. Louis, Mo. 


lo Merck, Darmstadt, West Germany. 
l1 May and Baker, Melbourne, Australia. 
l2 Mallinckrodt, St. Louis, Mo. 
l3 Size 15P, Disposable Products, Melbourne, Australia. 
l4 Vortex mixer. 
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Table I-Recovery of Perhexiline Maleate from Plasma with 
Various Solvents 


Solvent 
, Mean 


Recovery, % 
~ 


n-Hexane 40 
Cyclohexane 23 
Benzene 26 
Methylene chloride" 40 
Etherb 60 
Ethyl acetateb 75 


Peaks interfered with detection of perhexiline metabolites. * Peaks interfered 
with determination of perhexiline. 


hexiline maleate was given under the same conditions, and the study was 
repeated. 


Pharmacokinetic Analysis-For single-dose pharmacokinetic 
studies, plasma concentration-time data were fitted to a polyexponential 
equation using a nonlinear least-squares regression analysis computer 
program (5). Pharmacokinetic parameter estimates were obtained for 
the computer program AUTOAN 2 NONLIN (6), assuming first-order 
absorption and elimination. Equations generated by this program con- 
tained two or more exponentials and included a possible lag time. 


The area under the concentration-time curve was calculated by the 
trapezoidal method and extrapolated to infinity by dividing the final 
concentration point by the slope of the terminal phase. 


RESULTS AND DISCUSSION 


Previous investigators experienced difficulty with the development 
of a sensitive and specific assay for perhexiline. Studies with radiolabeled 
perhexiline did not differentiate between perhexiline and its hydroxyl- 
ated metabolites (7). Because of the low recovery of perhexiline due to 
extraction and the tendency of perhexiline, a weakly basic lipophilic drug, 
to adsorb to laboratory glassware, the sensitivity of the GLC assay was 
limited to plasma drug concentrations above 500 ng/ml(8). 


The HPLC assay reported here resolved perhexiline from its mono- 
and dihydroxylated metabolites with a lower limit of sensitivity of 5 
ng/ml. Perhexiline has no natural absorption properties in the UV or 
visible regions. However, under suitable reaction conditions, derivati- 
zation of the secondary amine nitrogen in the piperidine ring of per- 
hexiline by the highly reactive fluorophore dansyl chloride for 20 min at 
37' resulted in complete conversion of perhexiline to a highly absorptive 
dansylated compound. Free dansyl chloride elutes with the solvent front 
on HPLC. However, preliminary separation of the perhexiline dansylate 
from most of the unreacted dansyl chloride using hexane extraction re- 
duced the solvent front and resulted in a cleaner chromatogram. 


Figure 1 illustrates typical chromatograms obtained after extraction 
of blank plasma (Fig. la)  and of plasma from a patient treated with 
perhexiline (Fig. l b ) .  The peak at 15.7 min in Fig. Ib represents a plasma 
perhexiline concentration of 200 ng/ml. Endogenous peaks in blank 
plasma emerged before the hexadiline and perhexiline peaks. The mono- 
and dihydroxylated metabolites of perhexiline were not resolved under 
the conditions employed. However, by altering the mobile phase to 
methanol-water (8020, v/v), adequate separation of these metabolites 
was obtained. Thus, simultaneous assay of individual metabolites and 
perhexiline also would be feasible under nonisocratic conditions using 
a solvent programmer. 


Lignocaine, procainamide, digoxin, propranolol, verapamil, disopy- 
ramide, hydralazine, prazosin, and metoclopramide were examined for 
possible interference. None of these drugs produced peaks that emerged 


Table 11-Summars of Perhexiline Pharmacokinetics 


0 


1 


ottenuotion = 10 


D 
L 


dteruation = 10 


0 3 6 9 12 15 18 
: -  


0 3 6 9 12 16 18 


8 MINUTES b 
Figure 1-High-performance liquid chromatograms for a blank extract 
(a) and for an extract of a plasma sample obtained from a patient re- 
ceiving a daily dose of 100 mg of perhexiline (b). (Perhexiline concen- 
tration = 200 ng/ml.) Key: A, perhexiline;B, hexadiline; C, hydroxylated 
perhexiline metabolites; and D, injection. 


simultaneously with perhexiline, hexadiline, or the hydroxylated me- 
tabolites of perhexiline. 


The component eluting just before the internal standard is believed 
to be a contaminant of hexadiline since i t  appears when only hexadiline 
is chromatographed and is not present in chromatograms devoid of 
hexadiline. The height of this additional peak was a constant fraction of 
that of the hexadiline peak and did not affect quantitation of perhexi- 
line. 


Of a number of solvents selected to extract perhexiline from alkalinized 
plasma (Table I), only n-hexane was satisfactory. This solvent gave an 
extraction efficiency, measured throughout the assay, of 40 f 3%. Other 


150-mg Dose 300-mg Dose 
ime to ea A ime to ea A 


Age, 'Peak, Con!krkation, (ng%/ TPeak, ConLntrkation, ( n Z j /  
Patient years hr ndml ml hr ng/ml ml 


1 73 2.5 82 810 14.0 4.2 348 5260 18.0 6.49 
2 68 4.5 22 490 12.0 4 144 1740 23.5 3.55 
3 75 6 116 1190 4.5 3 438 7110 9.5 5.97 
4 68 12 65 1850 16.5 18 234 6240 26.0 3.37 
5 70 6 49 690 9.0 6 204 5020 18.5 7.27 
Mean 70.7 6.2 66.8 1010 11.2 7.0 274 5110 19.1 5.33 
SE 1.1 1.6 15.8 240 2.1 2.8 52.8 920 2.8 0.79 


a At 24 hr. 
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solvents gave better recoveries (ether and ethyl acetate), but they also 
extracted other compounds from the plasma eluting in the region of 
perhexiline and the hydroxylated metabolites. This effect precluded their 
use as alternative extraction solvents. 


The threshold of detection of perhexiline maleate in plasma corre- 
sponding to a peak height three times that of baseline noise was 5 ng/ml. 
The coefficient of variation for replicate assays of a pooled plasma sample 
containing 150 ng of perhexiline/ml was studied over 21 days and was 8.5% 
(n = 8) while that for replicate assays performed on the same day was 
2.8% (n = 5). 


Calibration curves for the peak height ratio of perhexiline to hexadiline 
were linear over a perhexiline concentration range of 0-5000 ng/ml. The 
use of disposable polypropylene tubes minimized inaccuracies due to 
adsorption of perhexiline onto glass surfaces. 


Limited pharmacokinetic treatment of the single-dose studies in pa- 
tients with angina pectoris was performed (Table 11). There was a lag time 
of 1.0-2.5 hr before detectable concentrations of perhexiline appeared 
in plasma. Absorption rates of perhexiline varied, and peak drug con- 
centrations occurred 3-6 hr after ingestion of the tablets in four of the 
five patients. In Patient 4, peak drug concentrations were delayed, oc- 
curring 12 hr after ingestion of the 150-mg dose and 18 hr after the 300-mg 
dose. However, peak levels for this patient were close to the mean of all 
five subjects for both the 150- and 300-mg doses. Peak concentrations 
of perhexiline after ingestion of the 300-mg doses were 4.3 times greater 
than those after the 150-mg dose. 


The elimination half-life of perhexiline as determined 24 hr after drug 
ingestion appeared to be concentration dependent, increasing from -18 
hr with the 150-mg doses to 24 hr after the 300-mg dose. Patient 4, who 
had delayed absorption, also exhibited a prolonged elimination half-life 
a t  24 hr compared to the other subjects. This patient was not excluded 
from the analysis since the data merely highlight the variable absorption 
of this drug and do not modify the conclusions concerning nonlinear ki- 
netics. Because the mean ratio of the areas under the plasma concen- 
tration-time (AUC) curve for the 300- versus 150-mg doses in all patients 
was 5.3:1, nonlinear elimination kinetics clearly applied. 


Possible contributions of variable plasma protein binding to the non- 
linearity of perhexiline elimination kinetics are currently under inves- 
tigation. Preliminary results do not reveal saturation of protein binding 
within the perhexiline concentration range encountered in these 
studies. 


The results suggest that the elimination pharmacokinetics of per- 


hexiline are nonlinear and that hepatic hydroxylation is saturable, re- 
sulting in variable systemic availability of orally administered perhexiline. 
Similar saturability of metabolism previously was demonstrated for al- 
cohol (9), lorcainide (lo), phenytoin ( l l ) ,  and fluorouracil (12). Drugs 
that demonstrate this phenomenon need great attention to dosage since 
it is often easy to move from therapeutic to toxic plasma levels with small 
changes in dose. 
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BOOKS 


REVIEWS 


Pharmaceutical Microbiology, 2nd Ed. Edited by W. B. HUGO and 
A, D. RUSSELL. Blackwell Scientific Publications. Osney Mead, 
Oxford OX2 OEL, England. 1980.352 pp. 15 X 23 cm. Price $26.75 (soft 
cover). 
The editors of this book state that: “Pharmaceutical microbiology may 


be defined as that part of microbiology which has a special bearing on 
pharmacy in all its aspects.” “As this book is aimed at undergraduate 
pharmacy students (as well as microbiologists entering the pharmaceu- 
tical industry) we were under constraint to limit the length of the book 
to retain it in a defined price range.” 


The 21 British authors are from universities and medical schools (11 
contributors), industry (nine), and government laboratories (one). The 
book is divided into four parts: Biology of Microorganisms, Antimicrobial 
Agents, Microbiological Aspects of Pharmaceutical Processing, and The 
Future. 


In Part I, bacteria, molds and yeasts, and viruses are treated in brief 
chapters with sufficient detail for the purpose of this book. 


Part I1 constitutes one-half of the book and considers the manufacture 
of antibiotics and immunological products, the evaluation and properties 
of antibiotics, disinfectants, antiseptics, and preservatives, and quality 
control of immunological products. 


The ecology of bacteria in an industrial environment, the theory and 
practice of sterilization, spoilage of pharmaceutical products, and sterility 
testing are discussed in Part 111. 


Part IV is a one-page review of the outstanding problems in the fields 
covered in the book. Most of the references are to British journals. 


The brief account of microbiological assays for antibiotic substances 
is a decade or two out of date with regard to both theory and practice. The 
nonexistent second edition of “Analytical Microbiology” was given as 
a reference instead of the correct citation of Volume two. 


In addition to its intended audience, the book is recommended to those 
in the pharmaceutical industry who need a brief introduction to a very 
broad subject. It enables administrators to learn what their scientists have 
done and are or should be doing. This book is a handy general reference 
to the multitudinous aspects of microorganisms and antibacterial agents 
and their interactions. It could be as useful to those outside the phar- 
maceutical industry as to those inside. 


Reuiewed by Frederick Kavanagh 
829 36th St., N. W. 
Corvallis, OR 97330 


Concepts in Drug Metabolism, Par t  A. Edited by PETER JENNER 
and BERNARD TESTA. (Drugs and Pharmaceutical Sciences, Vol. 
10.) Dekker, 270 Madison Ave., New York, NY 10016.1980. 409 pp. 
15 X 23 cm. Price $49.50. 
“Concepts in Drug Metabolism,” in two multiauthored parts, presents 


a wide ranging collection of essays on major topics in drug metabolism 
and allied fields which reflect the viewpoints held by the experts in the 
field. 


The contents of Part A are divided into seven chapters which deal with 
the following topics: the significance of analytical techniques in drug 
metabolism studies; a structural approach to selectivity in drug metab- 
olism and disposition; mechanisms of oxidative functionalization reac- 
tions; conjugation reactions; the role of extrahepatic metabolism in drug 
disposition and toxicity; developmental implications; and the use of 
metabolite data in the evaluation of pharmacokinetics and drug action. 
Because each chapter was written by a different author, some overlap 
between the contributions has occurred. According to the editors, the 
authors were requested to present the reader with a wide ranging and 
conceptual approach to each topic. As a consequence, the chapters tend 
to reflect the personalities and views of the authors. The reader will find 
that some chapters are quite philosophical in their approach, while other 
chapters make use of large bodies of factual information to illustrate the 
underlying concepts. 


“Concepts in Drug Metabolism” complements well Volume 4 of the 
Drugs and Pharmaceutical Sciences series, which was entitled “Drug 


Metabolism: Chemical and Biochemical Aspects” (1976) and was written 
by Testa and Senner. Graduate students and researchers in drug me- 
tabolism in the fields of pharmacology, medicinal chemistry, toxicology, 
and biochemistry will find the book to be a valuable guide as well as an 
important source of new ideas. There are several drawbacks. With few 
exceptions, Part A represents a review of the literature prior tc 1978. The 
book was published in 1980 and represents a gap of 2 years in the litera- 
ture. Furthermore, although the two-volume set, in combination with 
the earlier book by Testa and Jenner, would make an excellent text for 
a graduate-level course in drug metabolism, the cost of the baoks tends 
to be prohibitive. 


Part A presents an authoritative overview of vital topics and devel- 
opments in drug metabolism and related areas and is highly recom- 
mended . 


Reviewed by Sidney J. Stohs 
Department of Biomedicinal 


College of Pharmacy 
University of Nebraska Medical 


Omaha, NE 68105 


Chemistry 


Center 


Iatrogenic Diseases, 2nd Ed. By P. F. D’ARCY and J. P. GRIFFIN. 
Oxford University Press, 200 Madison Ave., New York, NY 10016. 
1980.546 pp. 18 X 24 cm. Price $67.50. 
The first edition of this text appeared in 1972. Other than Moser’s 


“Diseases of Medical Progress” and “Drug Induced Diseases” by Meyler 
and Peck, publiihed in 1972, there are no comprehensive books that cover 
adverse reactions from the perspective of this text. The book contains 
26 chapters and two appendixes. The chapters are arranged by body 
system or site (i.e., skin disease, blood dyscrasias, renal disease, and 
disorders of the eye). 


There is a chapter on teratogenic and other possibly harmful effects 
of drugs in pregnancy, a chapter on drugs excreted in the breast milk, and 
a table of drug interactions. 


The introductory chapters provide concise and informative overviews 
of the monitoring and epidemiology of adverse drug reactions. All major 
adverse reaction surveillance programs are described, and the major 
outcomes are highlighted. Types of reporting are categorized in an in- 
teresting and useful manner (e.g., drug-oriented monitoring, disease- 
oriented monitoring, complication-oriented monitoring, monitoring 
children, and monitoring geriatrics). A well-designed tabulation provides 
the reader with virtually all of the studies of adverse reactions in hospi- 
talized patients from 1964 through 1977. A nicely worded and concise 
description of various factors (e.g., sex, age, genetics, and disease states) 
that may adversely affect patient responses to drugs is presented. 


Each chapter is written in a crisp, authoritative, and comprehensive 
manner. Useful details on the pathophysiology of many drug-induced 
adverse reactions are presented in a logical and succinct manner. Each 
chapter is well referenced, apparently up through some portion of 
1978. 


The index is extensive, providing the reader with cross-referencing to 
adverse effects by drug, specific adverse effects, and broad general 
categories. One disadvantage to many American readers is the lack of 
cross-referencing of British drug names. For example, pethidine, para- 
cetamol, rifampicin, and sulphafurazole are not cross-referenced to their 
US. counterparts (meperidine, acetaminophen, rifampin, and sulfisox- 
azole, respectively). 


The reader will not find this book to be an encyclopedic review of ad- 
verse reactions, such as is afforded by Meyler and Herxheimer in their 
unexcelled offering, “Side Effects of Drugs.” However, its unique ap- 
proach and crisp style make it an invaluable addition to the bookshelf 
of the practitioner. It fills a void not covered by any other reference book 
of current vintage. 


Reviewed by Fred J. Salter 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, VA 23298 
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Abstract To elucidate the molecular requirements of the active 
sites of cholinergic receptors, 3-methyl-4-oxo-l-(N,N-dimethylamino- 
methyl)cyclopent-2-ene methiodide (2,3-dehydrodeoxamuscarone) and 
cis- and trans-3-methyl-4-hydroxy-1-(N~-dimethylaminomethyl)cy- 
clopent-2-ene methiodides (cis- and trans-dehydrodeoxamuscarines) 
were synthesized and tested. The results, compared with those of the 
corresponding oxygenated compounds, seem to indicate that 2,3-dehy- 
drodeoxamuscarines and muscarine bind at  the same site while 2,3- 
dehydrodeoxamuscarone interacts with the site normally occupied by 
muscarone. Furthermore, the previously suggested hypothesis that the 
unpolar site might somehow incorporate that of muscarone was consid- 
ered. 


Keyphrases Cholinergic recepton-molecular requirements of active 
sites, synthesis of 2,3-dehydrodeoxamuscarone and cis- and trans- 
dehydrodeoxamuscarines 0 Structure-activity relationships-2,3- 
dehydrodeoxamuscarone and cis- and trans-dehydrodeoxamuscarines, 
molecular requirements of cholinergic receptors, dualism of receptor 
active sites 2,3-Dehydrodeoxamuscarone and 2,3-dehydrodeoxamus- 
carine-synthesis and biological activity 


To investigate the molecular requirements of cholinergic 
receptors, many compounds incorporating a cyclopentane 
nucleus were synthesized in the past few years (1). As a 
consequence of these studies, the hypothesis of Triggle and 
Triggle (2) concerning an accessory site of reduced polarity 
and low steric demand of the cholinergic receptor gained 
further support (3-5). In fact, most of these compounds, 
although lacking oxygenated functions, are fairly active 
on both nicotinic and muscarinic receptors. However, their 
specificity is generally low when compared with the cor- 
responding oxygenated compounds (ie., muscarine). 


To gain more information on the dualism of the active 
site of the cholinergic receptors, cis- and trans-3- 
methyl - 4 - hydroxy - 1 - (NJV- dimethylaminomethy1)cyclo- 
pent-2-ene methiodides (cis- and trans-2,3-dehydrode- 
oxamuscarines, Ia and Ib) and 3-methyl-4-oxo-l-(NJV- 
dimethylaminomethyl)cyclo-pent-2-ene methiodide 
(2,3-dehydrodeoxamuscarone, 11) were synthesized and 
tested. Their pharmacological results were compared with 
those of 3-methyl-l-(N,N-dimethylaminomethyl)cyclo- 
pent-2-ene methiodide (III), because it incorporates a 


0 


CH,N(CH& I- CH3 hCH,6(CH3)3 I- 
l a : X = H  Y = O H  
I b : X =  O k , Y =  H 
111: X = Y = H 


II 


double bond at  the same position 2 of the cyclopentyl 
moiety as a basic feature and is one of the most active 
compounds among those lacking oxygenated functions 
(5). 


EXPERIMENTAL 


Melting points’ were taken in sealed capillaries and are uncorrected. 
NMR spectra were recorded on a 90-MHz apparatus2 with tetrameth- 
ylsilane or 3-(trimethylsilyl)propanesulfonic acid sodium salt as the in- 
ternal standard. Chromatographic separations were performed on silica 
gel (KieselgeP 60,0.063-0.200 mm) columns. Organic solutions were dried 
over anhydrous sodium sulfate. 
3-Methyl-4-oxo-l-carbomethoxycyclopent-2-ene (V1)-Bromine 


(7.56 ml) in carbon tetrachloride (100 ml) was added to a vigorously 
stirred solution of V (21.9 g) (6) in carbon tetrachloride (100 ml) a t  room 
temperature. After the reaction started, the addition was continued with 
cooling at  Oo. The solvent then was evaporated to give an oil, which was 
kept a t  120° for 15 min under 50 mm pressure and then distilled, bp 
130-135°/30 mm (12.7-g y;eld); IR4 (liquid film): 1640 (C=C), 1710 
(C=O), and 1735 (COO) cm-1; NMR (chloroform-d): 6 1.70 (broad s, 3H, 
3-CHd. 2.60 (d. 2H, 5-HA 3.70 (s,3H, OCHA 3.50-4.00 (m, lH, 1-Hf, 
and 7-13 (m, IH, 2-H) ppm. 


Anal.-Calc. for CsHloOs: C, 62.32; H, 6.54. Found C, 62.20; H, 
6.60. 


cis- and trans-3-Methyl-4-hydroxy-l-carbomethoxyc~cl0- 
pent-2-enes (VIIa and VII b)-The overall procedure recommended 
by Brown and Hess (7) was followed. Thus, a solution of 0.55 M 9-bora- 
bicyclo[3.3.l]nonane in tetrahydrof~ran~ (36.5 ml) was added dropwise 
over 2 hr to a stirred and cooled ( O O )  solution of VI (3 g, 19.5 mmoles) in 
dry tetrahydrofuran (5 ml) under a dry nitrogen stream. After 4 hr at Oo, 


1 Bechi SMP-20 a paratus. 
2 Model EM-390, tarinn. 


Merck. 
4 Perkin-Elmer 297 spectrophotometer. 
6 Aldrich. 
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the solution was stirred at 25" for 2 hr. Then methtmol(O.5 ml) was added, 
and the solvent was removed under reduced pressure. Ethanolamine (1.23 
g) and n-pentane (100 ml) were added, and the sticky precipitate was 
extracted several times with n-pentane. Evaporation of the solvent gave 
an oil (1.64 g), which was purified by column chromatography using ethyl 
acetate-cyclohexane (1:l) as the eluting system. The first fraction was 
the starting material. 


The second fraction was VIIa (0.42 g); IR (chloroform): 1720 (C=O), 
3460 (bonded OH), and 3580 (free OH) cm-l; NMR (chloroform-d): 6 
1.80 (broads, 3H, 3-CH3), 1.90-2.78 (m, 2H, 5-H2), 2.78 (s, lH,  OH), 3.32 
(m, lH, 1-H), 3.65 (s, 3H, OCH3), 4.38 (dd, IH, 4-H), and 5.38 (m, lH, 
2-H) ppm. 


Anal.-Calc. for CsH1203: C, 61.52; H, 7.75. Found: C, 61.65; H, 
7.84. 


The third fraction was VIIb (0.26 g); IR (chloroform): 1730 (C=O), 
3480 (bonded OH), and 3590 (free OH) cm-'; NMR (chloroform-d): 6 
1.78 (broad s, 3H, 3-CH3), 1.80-2.70 (m, 2H, 5-Hz), 2.65 (s, lH, OH), 
3.30-3.80 (m, lH, 1-H), 3.60 (s, 3H, OCH3), 4.62 (t, IH, 4-H), and 5.40 (m, 


Anal.-Calc. for CeH1203: C, 61.52; H, 7.75. Found: C, 61.74; H, 
7.84. 


cis-3-Methyl-4-hydroxy-l-( N,N-dimethylcarboxamido)cyclo- 
pent-2-ene (VII1a)-Method A-Dimethylamine (10 ml) was added 
to VIIa (or VIh)  (0.5 g) and heated at 95-100" in a sealed tube for 48 hr. 
Workup of the reaction mixture gave 0.25 g of VIIIa, which was used 
without further purification; IR (chloroform): 1620 (C=O), 3360 (bonded 
OH), and 3590 (free OH) cm-'; NMR (chloroform-d): 6 1.82 (broad s, 
3H, 3-CH3), 1.95-2.50 (m, 2H, 5-H2), 2.92 (s, 3H, NCH3), 3.11 (s, 3H, 
NCH~),3.50-3.90(m,lH,l-H),4.25(dd,lH,4-H),4.58(s,1H,OH),and 
5.31 (m, lH, 2-H) ppm. 


Method B-Ethyl chloroformate (0.62 g, 5.7 mmoles) in chloroform 
(10 ml) was added to a stirred and cooled solution of XVa (0.81 g, 5.7 
mmoles) and triethylamine (0.58 g, 5.7 mmoles), followed after 5 min by 
33% dimethylamine in benzene (5.6 ml). The mixture was allowed to stand 
at  room temperature for 30 min and then was washed with 2 N HCl and 
saturated sodium bicarbonate solution and dried. Evaporation of the 
solvent gave 0.74 g of VIIIa. 
cis-3-Methyl-4-hydroxy-l-( N,N-dimethylaminomethy1)cyclo- 


pent-2-ene (1Xa)-A solution of VIIIa (0.34 g, 2.01 mmoles) in dry 
tetrahydrofuran (100 ml) was added to a suspension of aluminum lithium 
hydride (0.15 g, 4.02 mmoles) in dry tetrahydrofuran (100 ml) with 
stirring and cooling. The suspension then was heated to reflux for 5 hr. 
After cooling, the excess aluminum lithium hydride was decomposed with 
ethyl acetate (50 ml) and water (5 ml). The organic layer was decanted, 
and the solid was washed with ethyl acetate (2 X 50 ml). Evaporation of 
the dried solvent gave a nearly pure oil (0.26 g), which was used without 
further purification; IR (chloroform): 3350 (bonded OH) and 3500 (free 
OH) cm-l; NMR (chloroform-d): 6 1.17-1.60 (m, lH, 5-H), 1.79 (broad 
s, 3H, 3-CH3), 2.00-2.90 (m, 4H, I-CHZ, 1-H, and 5-H), 2.26 [s, 6H, 
N(CH:g)z], 4.19 (s, 1H, OH), 4.26 (dd, lH, 4-H), and 5.37 (broads, lH, 2-H) 


cis-2,3-Dehydrodeoxamuscarine (1a)-An excess of methyl iodide 
(2 ml) was added to a solution of IXa (0.2 g) in anhydrous ether (20 ml), 
and the solution was left to stand overnight at room temperature. The 
white solid was filtered off and recrystallized (0.23 g) from anhydrous 
ethanol-ether, mp 153-154'; IR (mineral oil): 3350 (OH) cm-l; NMR 
(water-d): 6 1.30-1.80 (m, lH, 5-H), 1.76 (5, 3H, 3-CH3), 2.66-3.66 (m, 
4H, 1-H, 4-H, and l-CHZ), 3.17 [s, 9H, +N(CH&], 4.70 (4H, obscured by 
water), and 5.50 (broad s, lH,  2-H) ppm. 


Anal.-Calc. forCl$ImINO C, 40.42; H, 6.78; N, 4.71. Found C, 40.38; 
H, 6.92; N, 4.64. 


3-Methyl-4-oxo-l-( N,N-dimethylaminomethyl)cyclopent-2-ene 
(X)-A solution of chromium trioxide (1.13 g, 11.0 mmoles) in 2.5 M 
H2S04 (10 ml) was added slowly to a stirred and cooled (0") solution of 
IXa (1.76 g, 11.0 mmoles) in 2.5 M HzS04 (5 ml). After standing at room 
temperature for 2 hr, the solution was made basic with 5 N NaOH and 
extracted with methylene chloride. Evaporation of the dried solvent gave 
X (1.0 g), which was purified by column chromatography with chloro- 
form-petroleum ether-methanol-concentrated ammonium hydroxide 
(250150505) as the eluting system; IR (liquid film): 1635 (C=C) and 
1705 (C=O) cm-'; NMR (chloroform-d): 6 1.72 (d, 3H, 3-CH3), 2.20 [s, 
6H, N(CH&], 2.10-3.50 (m, 5H, 5-&, 1-H, and l-CH*), and 7.28 (m, lH,  
2-H) ppm. 


Anal.-Calc. for CgHlLNO C, 70.55; H, 9.87; N, 9.14. Found C, 70.41; 
H, 9.79 N, 9.21. 


2,3-Dehydrodeoxamuecarone (11)-Compound I1 was obtained from 
X as a white solid following the procedure described for Ia (from anhy- 


lH, 2-H) ppm. 


PP? 


drous ethanol-ether) in an 80'70 yield, mp 230-231"; IR (mineral oil): 1710 
(CO) cm-l; NMR (water-d): 6 1.79 (broad s, 3H, 3-CH3), 2.58 (m, lH,  
1-H), 2.82 (m, 2H, 5-Hz),3.20 [s,9H, +N(CH&], 3.52 (m, 2H,l-CH2), 
and 7.40 (m, lH,  2-H) ppm. 


Anal.--Calc. for C&l&YO C, 40.49; H, 6.15; N, 4.74. Found C, 40.77; 
H, 6.27; N, 4.88. 


trans -3-Methyl - 4- hydroxy - 1 - (N,N-dimethylaminomethy1)cy- 
clopent-2-ene (1Xb)-Method A-Compound IXb was obtained 
starting from X (1.1 g) following the procedure described for VII and was 
purified by column chromatography with chloroform-petroleum 
ether-methanol-concentrated ammonium hydroxide (250 150505) as 
the eluting system. The first fraction was the starting material (0.2 g). 
The second fraction was IXa (0.12 g). The third fraction was IXb (0.35 
9); IR (chloroform): 3380 (bonded OH) and 3600 (free OH) cm-I; NMR 
(chloroform-d): 6 1.79 (broad s, 3H, 3-CH3), 1.84 (t, 2H, 5-H2), 2.062.45 
(m, lH,  1-H), 2.21 [s,6H, N(CH&], 2.86 (s,lH,4-OH), 2.96 (m, 2H,1- 
CHz), 4.59 (t, lH,  4-H), and 5.42 (m, lH, 2-H) ppm. 


Anal.-Calc. for CgH17NO C, 69.63; H, 11.04; N, 9.02. Found C, 69.57; 
H, 10.96; N, 9.13. 


Method B-Compound IXb was also synthesized starting from VIIIb 
(0.09 g) by the procedure described for IXa; 0.059 g of nearly pure oil was 
obtained and was used without further purification. 
trans-2,3-Dehydrodeoxamuscarine (I b)-Compound Ib was ob- 


tained starting from IXb by the procedure described for Ia and was re- 
crystallized from anhydrous ethanol-ether (85% yield), mp 151-152"; 
IR (mineral oil): 3410 (OH) cm-I; NMR (water-d): 6 1.76 (s, 3H, 3-CH3), 
2.13 (t, 2H, 4-H2), 3.13 [s, 9H, +N(CH&], 2.66-3.66 (m, 3H, 1-H and 1- 
CHz), 4.69 (t, IH, 4-H), and 5.56 (m, lH, 2-H) ppm. 


Anal.-Calc. for Cl&I&NO C, 40.42; H,6.78; N, 4.71. Found C, 40.39; 
H, 6.95; N, 4.75. 
cis - 3 - Methyl - 4 - hydroxy - 1 - hydroxymethylcyclopent - 2 - ene 


(XIa)-A solution of VIIa (1.14 g, 7.3 mmoles) in anhydrous tetrahy- 
drofuran (20 ml) was added to a stirred and cooled (0") suspension of 
aluminum lithium hydride (0.34 g, 8.9 mmoles) in anhydrous tetrahy- 
drofuran (20 ml). The suspension then was heated to reflux for 48 hr and 
worked up as described for IXa to give an oil, which was used without 
further purification (0.93 9); IR (liquid film): 3320 (OH) cm-'; NMR 
(chloroform-d): 6 1.0-2.6 (m, 3H, 5-Hz and 1-H), 1.79 (s, 3H, 3-CH3), 
3.3-4.5 (m, 3H, 1-CH2 and 4-H), 3.26 (s,2H, OH), and 5.50 (broads, lH, 
2-H) ppm. 
trans-3- Methyl- 4-hydroxy- 1 - hydroxymethylcyclopent -2-ene 


(XI b)-Compound XIb was obtained in an 85% yield starting from VIIb 
by the procedure described for XIa; IR (liquid film): 3300 (OH) cm-'; 
NMR (chloroform-d): 6 1.0-2.3 (m, 3H, 5-H2 and 1-HI, 1.86 (s, 3H, 3- 
CH3), 3.3-4.3 (m, 3H, 1-CH2 and 4-H), 3.59 (s,2H, OH), and 5.56 (m, lH,  
2-H) ppm. 


cis-3-Methyl-4-hydroxy- l-methyl-p-toluenesulfonatecyclopent- 
2-ene (XI1a)-p-Toluenesulfonyl chloride (1.42 g) was added portion- 
wise to a stirred and cooled (0") solution of XIa (0.97 g) in anhydrous 
pyridine (10 ml). The mixture was kept 4 days at  room temperature and 
then acidified with 2 N HCl and extracted with methylene chloride. The 
organic layer was washed with a saturated sodium bicarbonate solution 
and then evaporated at room temperature to give a nearly pure oil (0.47 
g), which was used without further purification; NMR (chloroform-d): 
6 1.65 (broads, 3H, 3-CH3), 1.40-2.30 (m, 2H, 5-H2), 2.30-3.00 (m, lH,  
I-H), 2.38 (s,3H, aromatic CH3), 3.78 (d, 2H, l-CHZ), 4.12 (m, 2H, OH 
and 4-H), 5.12 (m, lH, 2-H), and 7.38 (q, 4H, aromatic H) ppm. The 
compound has to be stored at  low temperature because of its tendency 
to polymerize. 
trans-3-Methyl-4-hydroxy- 1 -methyl-p-toluenesulfonatecyclo- 


pent-2-ene (XI1 b)-Compound XIIb was obtained starting from XIb 
(0.31 g) as described for XIIa (0.17 9); NMR (chloroform-d): 6 1.65 (broad 
s, 3H, 3-CH3), 1.40-2.10 (m, 2H, 5-H2), 2.38 (s,3H, aromatic CH3), 2.92 
(m, lH,  1-H), 3.62 (s, lH,  4-OH), 3.68 (d, 2H, l-CHZ), 4.35 (t, lH,  4-H), 
and 5.10 ( 8 ,  lH,  2-H) ppm. It has to be stored at  low temperature. 
eis-3-Methyl-4-hydroxycyclopent-2-ene-l-carboxylic Acid 


(XVa)-Compound VIIa (1.64 g) was dissolved in 2 N NaOH (5 ml) and 
heated a t  70" for 10 min. After cooling, the solution was washed with 
chloroform, acidified with 2 N HCl and then extracted with chloroform 
to give a white solid. This solid was recrystallized (0.97 g) from benzene, 
mp 69-71"; IR (mineral oil): 1685 (C=O), 2460, and 3340 (OH) cm-'; 
NMR (chloroform-d): 6 1.82 (d, 3H, 3-CH3), 1.70-2.70 (m, 2H, ti-&), 3.38 
(m, lH,  I-H), 4.43 (dd, lH, 4-H), 5.48 (broads, lH, 2-H), and 7.20 (s,2H, 
OH) ppm. 


Anal.-Calc. for C7H1003: C, 59.56; H, 6.43. Found: C, 59.44; H, 


The same reaction on VIIb gave a sticky oil, which could not be re- 
6.51. 
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crystallized and which was possibly a mixture of the two isomeric 
acids. 


3-Methyl-4-0x0- 1-( N,N-dimethylcarboxamido)cyclopent-2-ene 
(X1V)-Bromine (4 ml, 78.0 mmoles) in carbon tetrachloride (50 ml) was 
added to a solution of XI11 (6) (13 g, 77.0 mmoles) in carbon tetrachloride 
(100 ml) a t  room temperature under vigorous stirring. After the reaction 
started, the addition was continued with cooling at  Oo. The solvent then 
was evaporated to give a solid, which was treated with a saturated sodium 
bicarbonate solution (100 ml) and extracted with chloroform. Removal 
of solvent gave an oil, which was distilled to give 5.23 g of XIV, bp 137- 
140°/0.25 mm. Much of XIV decomposed to a gummy product during 
the distillation; IR (liquid film): 1640 and 1700 (CO) cm-l; NMR (chlo- 
roform-d): 6 1.78 (broad s ,  3H, 3-CH3), 2.60 (m, 2H, 2.98 (s, 3H, 
NCH3), 3.18 (s,3H, NCH3), 2.80-3.50 (m, IH, 1-H), 4.00 (m, lH,  1-H), 
and 7.20 (m, lH ,  2-H) ppm. 


Anal.-Calc. for CgH13N02: C, 64.65; H, 7.84; N, 8.38. Found: C, 64.81; 
H, 7.70; N, 8.24. 


trans - 3 -Methyl - 4 - hydroxy - 1 - ( N, N-dimethy1carboxamido)c y- 
clopent-2-ene (VII1b)-Compound VIIIb was obtained starting from 
XIV (0.83 g) by the procedure described for VII and was purified by 
column chromatography with chloroform-ethyl acetate-ethanol (90:5:5) 
as the eluting system. The first fraction was VIIIa (0.35 9). The second 
fraction was VIIIb (0.09 g); IR (chloroform): 1620 (CO), 3370 (bonded 
OH), and 3600 (free OH) cm-l; NMR (chloroform-d): 6 1.80 (d, 3H, 3- 
CH3), 1.60-2.80 (m, 2H, 5-&), 2.88 (s,3H, NCHz), 3.08 (s,3H, NCHd, 
3.30-4.10 (m, 2H, 1-H and OH), 4.70 (t, lH ,  4-H), and 5.38 (8 ,  lH ,  2-H) 
PPm. 


Anal.-Calc. for CgH15N02: C, 63.88; H, 8.94; N, 8.28. Found: C, 64.03; 
H, 8.70; N, 8.41. 


Pharmacological Testing-Testing was accomplished using guinea 
pig ileum and frog rectus abdominis preparations according to the pro- 
tocol described previously (8). 


RESULTS AND DISCUSSION 


Chemistry-Compounds Ia, Ib, and I1 were synthesized according 
to Scheme I. The introduction of the double bond in V (6) went smoothly 
and only at  position 2, as revealed by NMR spectra. The reduction of the 
carbonyl group was eventually achieved with 9-borabicyclo[3.3.1]nonane 
(9) since other common reducing agents gave saturation of the double 


bond through a 1,4-addition to the enone system (7,lO). The reaction of 
either VIIa or VIIb, separated by column chromatography, with di- 
methylamine in a sealed tube a t  80' invariably gave the cis-isomer 
(VIIIa) through isomerization, possibly at  C-1 (11, 12). The reduction 
of VIIIa with aluminum lithium hydride followed by the reaction of IXa 
with methyl iodide gave Ia. The trans-isomer (Ib) was obtained through 
the oxidation of IXa to X followed by reduction with 9-borabicyclo- 
13.3.lInonane to yield I X  as a cis-trans mixture, which was separated 
by column chromatography and the final reaction of IXb with methyl 
iodide. Compound I1 was easily obtained from X through the reaction 
with methyl iodide, 


Scheme I1 shows some pathways that were explored to obtain the two 
isomers of I in a simpler way. In a first attempt, VIIa and VIIb were re- 
duced to the corresponding alcohols (XIa and XIb) followed by reaction 
with p- toluenesulfonyl chloride to give a selective tosylation of primary 
hydroxyl groups. Unfortunately, both XIIa and XIIb are difficult to 
handle since they decompose quickly into dark solids showing no double 
bond. The hydrolysis of VIIa and VIIb was unsatisfactory with acids. In 
one case (VIIa), 2 N NaOH afforded the cis acid (XVa); in the other case 
(VIIb), a cis-trans mixture of XV was obtained. Finally, the reduction 
of amide XIV, obtained in poor yield from XI11 (6), afforded VIIIa and 
only traces of the trans-isomer (VIIIb), which were separated by column 
chromatography. 


Identification of Compounds-The structures of VI and XIV were 
established by NMR spectra, which showed a broad singlet for the methyl 
group at  position 3 (6 1.70 and 1.78, respectively), thus proving the double 
bond a t  position 2. 


The attribution of structures to VIIa, VIIb, VIIIa, and VIIIb depended 
mainly on IR spectra a t  different dilutions, which showed a nearly con- 
stant ratio between the intensity of free and bonded hydroxy absorption 
for the cis-isomers (VIIa and VIIIa). The trans-isomers (VIIb and VIIIb) 
presented a strong variation of the same ratio upon dilution. NMR 
spectra confirmed this attribution since the proton a t  position 4 of VIIb 
[b 4.62 (t)] and VIIIb [b 4.70 (t)] was more deshielded than the corre- 
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Table I-Comparative Biological Activity on Guinea Pig 
Terminal Ileum and Frog Rectus Abdominis a 


EPMRb 
Guinea Frog 


Pig Rectus EPMRNI 
Compound IleumC Abdominisd EPMRM‘ 


Ia lo00 94 0.1 
I6 
I1 


111 


50 >500 > 10 .. 


5.85 
26.6f 


.. 


0.66 
3.11 


~~ 


0.1 
0.1 


The choice, performance, and evaluation of the bioassay were described in detail 
in Ref. 8. EPMR = equipotent molar ratios between ED60 of compound and ED60 
of acetylcholine calculated through the regression of the angular transformate of 
the fractional effects versus the log concentrations of the agonists. The statistical 
significance of the EPMR averages was estimated by the t test a t  the p S 0.05 level. 
Experiments were repeated at least four times. The standard error of the mean ED 
values for the com ounds was <lo%. c The EDw value of acetylcholine = 3.2 X lo3 
M. The ED60 vake of acetylcholine = 2.58 X M. Ratio between frog rectus 
abdominis (N) and guinea pig ileum (M) EPMR values. I Data from Ref. 5. 


sponding proton of VIIa [6 4.38 (dd)] and VIIIa [6 4.25 (dd)], owing to 
the anisotropic effect of the groups at  position 1. In the cis series, the 
proton at position 4 appeared as a double doublet; in the trans series, it 
was a triplet. This difference allowed a safe identification of the deriva- 
tives of VII and VIII. Accordingly, XV shows a cis structure. 


Pharmacology-The cholinergic activities of Ia, 16, and I1 on guinea 
pig ileum and frog rectus abdominis preparations are listed in Table I 
together with those of 111 (5). Introduction of the carbonyl group in 111 
to give I1 improved both muscarinic and nicotinic activities. The speci- 
ficity of 11, as far as muscarinic activity is concerned as revealed by the 
EPMRN/EPMRM ratio, remained low; its activity was 10 times lower 
than that of the corresponding muscarones but nearly equivalent to that 
of deoxamuscarone (11). The influence of the double bond, which im- 
posed a planar configuration to the methyl group at  position 2, did not 
seem to be relevant in this case. The difference of activity between cis- 
and trans-muscarone is practically insignificant (1). 


The introduction of a hydroxyl group had a totally different effect. 
With 10, there was a drop of two orders of magnitude in both muscarinic 
and nicotinic activities. In fact, muscarinic activity was nearly lost while 
nicotinic activity fell dramatically and the specificity remained low. With 
Ib, there was a small drop in muscarinic activity, but the specificity was 
greatly increased since nicotinic activity was practically absent. Com- 
pound I6 had a pattern of activity fairly similar to that of muscarine. 
Moreover, since Ib was also less active than deoxamuscarine as a mus- 
carinic agent, the planar configuration of the methyl group seems to be 
of some relevance in this case, unlike the corresponding carbonyl com- 
pound (11). Introduction of the hydrophilic hydroxyl group dramatically 
changed the biological profile of the molecule, giving further support to 
the hypothesis of Triggle and Triggle (2). The same conclusions were 
reached by Barlow (13) who evaluated the consequences of the intro- 
duction of a hydroxyl group in a series of alkyltrimethylammonium 
compounds. In any case, the hydroxyl group that drives away the mole- 
cule from the unpolar binding site has to be oriented properly to allow 
interaction with the polar binding site. 


The similarity of the pattern of activity of 11,111, muscarones, and 
deoxamuscarone suggests that such compounds act a t  the same binding 


site, which seems to be quite different from where Ib,  muscarine, and 
deoxamuscarine interact. This difference is further stressed by different 
stereochemical requirements of the site interacting with the methyl 
group. I t  is known that the enantiomers of muscarine show high stereo- 
specificity toward the muscarinic receptor. Should Ib interact with the 
same muscarine binding site (as was previously suggested), the prediction 
that the chiral effects of the two enantiomers of Ib would manifest 
themselves could be made. 


It also is well known that the stereospecificity of muscarone is fairly 
different from that of muscarine qualitatively and quantitatively. Various 
rationalizations have been advanced; one of these implies a different site 
of action for muscarone (14). The results reported herein, while adding 
further evidence to the hypothesis of Belleau and Puranen (14), suggest 
the intriguing possibility that the accessory unpolar area (2) might in- 
corporate the site of action of muscarone (14). Work is in progress to test 
this hypothesis. 
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Abstract 0 The effect of sulfadimethoxine on the distribution and 
elimination of thiopental was examined by comparing the change in the 
steady-state volume of distribution (Vss) determined from both in oioo 
plasma elimination and in uitro serum and tissue binding studies in rats. 
The plasma disappearance of thiopental after a l2-mg/kg iv dose followed 
a biexponential decline in both the control and sulfadimethoxine-treated 
rats. The plasma thiopental concentrations under the steady-state plasma 
sulfadimethoxine concentration (500 pg/ml) were significantly lower than 
those of the control rats. In the sulfadimethoxine-treated rats, the 
pharmacokinetic parameter /3 significantly decreased while V,, signifi- 
cantly increased to 3.6-fold that of the control rats. With sulfadi- 
methoxine, a significant increase was observed in the apparent disso- 
ciation constant (&) of thiopental to serum protein by equilibrium di- 
alysis, but the total number of binding sites was not altered. The in uitro 
serum free fraction of thiopental was increased to about 2.6-fold in the 
presence of sulfadimethoxine. The free fraction of thiopental in the main 
distribution tissues (liver, muscle, and adipose) was determined by 
equilibrium dialysis with and without sulfadimethoxine. No significant 
changes were observed in the presence of sulfadimethoxine. The calcu- 
lated V,,, determined by the free fractions from in uitro binding exper- 
iments, also showed a significant increase. The ratio of V,, with sulfadi- 
methoxine to that of the control rats was 2.8. The total clearance did not 
change, but the intrinsic clearance decreased to one-half of that of the 
control rats due to the increase of the serum free fraction by sulfadi- 
methoxine. It was concluded that sulfadimethoxine caused a displace- 
ment of thiopental in plasma protein binding, which significantly in- 
creased the free fraction of thiopental, and this result may explain the 
significant increase of V,, and the decrease of both /3 and intrinsic 
clearance. Tissue binding of thiopental, however, was unaffected by 
sulfadimethoxine. 


Keyphrases Sulfadimethoxine-effect on elimination and distribution 
of thiopental in rats, in oitro and in uiuo studies 0 Thiopental-elimi- 
nation and distribution in rats, effect of sulfadimethoxine on thiopental 
metabolism, in uitro and in oiuo studies Metabolism-effect of sulfa- 
dimethoxine on thiopental metabolism in rats, in uitro and in uioo 
studies 


The apparent volume of distribution and total body 
clearance are influenced by age, disease, and drug-drug 
interaction. These changes are based on alterations in 
plasma and/or tissue binding, metabolism, and hepatic 
blood flow (1-5). The volume of distribution at steady state 
(V,,) can be expressed by: 


vss = v p  + ( fp / f t )Vt  (Eq. 1) 


where V, is the plasma volume, V,  is the volume of the 
other body tissues, and f p  and f t  are the fractions of the 
drug present in unbound form in the plasma and tissue, 
respectively (6,7). Equation 1 shows that V,, is influenced 
by alterations in f p  or ft due to the displacement of pro- 
tein-bound drug. When metabolism is the rate-deter- 
mining step of drug elimination, total body clearance 
(Cltot) can be expressed by: 


Cltot f p c l i n t  (Eq. 2) 


where Clint is the intrinsic clearance of unbound drug (7). 
Equation 2 shows that both the increase in f,, due to dis- 
placement by the second drug, and the change in Clint, due 


to metabolic inhibition or induction, may affect CZtot. 
The present study determined the effect of sulfadi- 


methoxide on the distribution and elimination of thio- 
pental by comparing the changes of V,,, which were de- 
termined from both in uiuo plasma elimination and in uitro 
serum and tissue binding studies. The change of Clint also 
is discussed. 


EXPERIMENTAL 


Adult male Wiatar rats', 245-280 g, were used. Under light ether an- 
esthesia, the femoral vein and artery were cannulated with polyethylene 
tubing2. Cannulated rats were kept in restraining cages under normal 
housing conditions for 1 day prior to the experiments. All animals were 
fasted overnight (-15 hr) but had water ad libitum before the experi- 
ments. After a loading dose of 200 mg of sulfadimethoxine3/kg, 41.3 
mg/kg/hr was infused through the femoral vein cannula for 3 hr with a 
constant-rate infusion pump4; with this dosage, steady-stafe concen- 
trations of sulfadimethoxine (500 pg/ml) were obtained within 2045 min 
after the beginning of the infusion. 


At 50 min after the initiation of infusion, the rats were given 12 mg of 
thiopenta15/kg in saline through the other femoral vein cannula over a 
5-sec interval with a 500-pl syringe. Blood samples (0.25 ml) then were 
obtained at  1,5,10,15,30,45,60,90,120,150, and 180 min in beparinized 
polyethylene centrifuge tube@. The body temperature was kept at 37' 
by a heat lamp. Plasma was separated by centrifugation for 20 sec in a 
tabletop microfuges and assayed for thiopental by the method of Brodie 
et al. (8). Sulfadimethoxine in plasma did not interfere with the assay 
of thiopental. The method of Tsuda and Matsunaga (9) was employed 
for the assay of sulfadimethoxine in plasma. The thiopental concentration 
data for individual animals were fitted to the equation Ct = Ae-"' + 
Be-ot for the plasma concentration Ct at  time t by nonlinear least- 
squares regression (10). Pharmacokinetic constants (Table I) were de- 
termined from the biexponential equation constants, i.e., A, a, B, and 
8, using conventional equations (11). 


Serum was separated from the blood, obtained through the carotid 
artery, by centrifugation for 10 min at 3000 rpm after standing for 60 min 
at room temperature. The serum free thiopental fraction was determined 
by equilibrium dialysis at 3 7 O  for 16 hr using semi micro cell^^ and a 
semipermeable membranes against 0.05 M isotonic tromethamine- 
hydrochloric acid buffer (pH 7.4), containing 0.05-0.5 mM thiopental 
and 2.4 mM sulfadimethoxine. The protein binding of thiopental to 
serum and tissues was unchanged between 16 and 20 hr of dialysis at 
370. 


Previous studies in this laboratory compared binding data of thiopental 
determined from equilibrium dialysis a t  37O for 20 hr and from flow di- 
alysis, but the difference between the two methods was insignificant (12). 
The effect of dialysis on the serum binding of thiopental also was exam- 
ined at  37O for 24 hr with polarization analysis (13) using l-anilino-8- 
naphthalenesulfonate and compared with the dialysis a t  4" for 24 hr, but 
no denaturation of proteins after dialysis was observed. The sulfadi- 
methoxine concentration in the protein chamber after dialysis was in the 
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Figure 1-Plasma disappearance curves of thiopental after 12 mglkg 
iu. Each point and vertical bar represent the mean and standard error 
of three or four rats. Curves were calculated by the SALS method (10) 
using a digital computer. Key: 0, plasma concentration of control rats; 
0, plasma concentration of sulfadimethoxine-treated rats, which were 
infused with sulfadimethoxine (41.3 mglkglhr) after a loading dose of 
200 mglkg; and 0 ,  concentration of sulfadimethoxine. 


same range as that of the in vivo steady-state concentration of sulfadi- 
methoxine (500 pg/ml) in plasma. 


Liver, abdominal muscle, and adipose tissues were excised after the 
carotid artery bleeding. A 50% liver homogenate and a 25% muscle ho- 
mogenate were prepared in 0.05 M tromethamine-hydrochloric acid 
buffer (pH 7.4) using a homogenizerg. The adipose homogenate was used 
without dilution and predialysis, but the liver and muscle homogenates 
were predialyzed against 0.05 M tromethamine-hydrochloric acid buffer 
(pH 7.4) at 4 O  for 24 hr. Equilibrium dialysis was performed on these three 
tissue homogenates at 37O for 16 hr, using 1 ml of buffer and 1 ml of each 
homogenate. The initial concentrations of thiopental in the buffer so- 
lution were 0.1 mM for the liver and muscle homogenates and 0.5 mM 
for adipose homogenate, and the initial concentration of sulfadimethoxine 
was 2 mM for all homogenates. After dialysis, the concentrations of both 
unbound thiopental and sulfadimethoxine in the buffer solution were 
determined as already described. 


The unbound (free) fraction ( f )  in serum or tissue homogenate was 
calculated by: 


Cin - 2c/ = c b  (Eq. 3) 


where Ci, is the initial concentration in the buffer solution, C/ is the 
concentration of unbound drug in the buffer solution after dialysis, c b  
is the concentration of bound drug in serum or tissue after dialysis, and 
p is the dilution factor for the tissue homogenate. In this study, p = 1 for 
the serum and adipose homogenates, p = 2 for the liver homogenate, and 
p = 4 for the muscle homogenate. 


The blood-to-plasma distribution ratio (s) of thiopental was deter- 
mined to calculate the intrinsic clearance (Clkt). The blood was incubated 
with 5 pglml of thiopental a t  37" for 20 min with and without sulfadi- 
methoxine. The blood sulfadimethoxine concentration was 454 pglml 
(corresponding to the in vivo plasma concentration of 500 pg/ml). After 
centrifugation, an aliquot of the plasma was removed and the concen- 
tration of thiopental was determined as already described. An analytical 
blank without substrate was determined in the same manner. The he- 
molysis during incubation was negligible. 


Silverson Co., Bucks, United Kingdom. 
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Table II-h Vitro Thiopental Ree Fraction in Rat Tissueso 


Sulfadimethoxine-lkeated Ratsb 


Tissue Control Rats 1mM 2 m M  


Liverb 0.076 i 0.004C 0.064 i 0.009C 0.075 i 0.004c 
Muscled 0.101 i 0.014 0.105 i 0.016 0.114 i 0.017 
Adiposee 0.011 i 0.003 0.008 i 0.001 0.008 i 0.001 


“The free fraction was determined by equilibrium dialysis. bn = 3. 
CMean i SE. dn = 6-12. en = 4 or 5. 


All means are presented with their standard error (mean i SE).  The 
Student t test was utilized to determine a significant difference between 
control and sulfadimethoxine-treated rats with p = 0.05 as the minimal 
level of significance. 


RESULTS 


The plasma disappearance of thiopental after intravenous adminis- 
tration of 12 mgkg is shown in Fig. 1. The disappearance of thiopental 
followed biexponential curves in both the control and sulfadimethox- 
ine-treated rats. The plasma sulfadimethoxine concentration was kept 
a t  a constant level of 500 pglml during the 3-hr sampling period. The 
plasma thiopental concentrations in rats under constant infusion of 
sulfadimethoxine were significantly lower than those in controls without 
sulfadimethoxine. The pharmacokinetic constants were computed by 
a nonlinear iterative least-squares method (10) and are listed in Table 
I. In the sulfadimethoxine-treated rats, a significant decrease was ob- 
served in fi  while a significant increase (3.6-fold of the control rats) was 
observed in Vss. The total (body) clearance, however, did not change 
significantly. 


Scatchard plots of thiopental binding to serum protein obtained from 
equilibrium dialysis are shown in Fig. 2. In both experiments, i.e., with 
and without sulfadimethoxine, there was no evidence for the existence 
of more than one class of binding site in the concentration range tested, 
which corresponds to the in uiuo plasma concentration range of thiopental 
after intravenous administration of 12 mgkg. The apparent dissociation 
constant (&) of thiopental was 0.1 mM, and the total number of binding 
sites (binding capacity) was 0.6 mM. In the presence of 500 pg/ml of 
sulfadimethoxine, a typical competitive inhibition was observed, and Kd 
was increased to 0.4 mM, but the binding capacity was not altered. 


The serum free fraction ( f , )  of thiopental showed nonlinearity in the 
concentration range studied with and without sulfadimethoxine; there- 
fore, the mean values off, obtained from the in uiuo mean plasma con- 
centration of thiopental for 3 hr, i.e., 0.035 mM for the control without 
sulfadimethoxine and 0.014 mM in the presence of sulfadimethoxine, 
were used to calculate the intrinsic clearance of unbound drug (Clint) 
using the in uiuo total body clearance. The f p  of thiopental increased from 
0.153 to 0.402 with sulfadimethoxine. The blood-to-plasma distribution 
ratios (s) were 0.922 for the control and 1.382 for the sulfadimethoxine- 
treated rats. Using these ratios and the hepatic blood flow obtained from 
the literature (14), the in uiuo intrinsic clearance (Clint) of thiopental was 
calculated (Table I). With sulfadimethoxine, the Clint was decreased to 
about one-half that of the control rats. The in uiuo free fractions of 
thiopental at 30 min (@-phase) after intravenous administration of 12 
mg of thiopental/kg determined by ultrafiltration were 0.131 for the 
control rats and 0.269 for the sulfadimethoxine-treated rats. A remarkable 
increase in the free fraction was observed in the sulfadimethoxine-treated 
rats. 


The free fraction of thiopental to the mainly distributed tissue ho- 
mogenates (i.e., liver, muscle, and adipose tissues) (8) was determined 
by equilibrium dialysis, and the in uitro apparent volume of distribution 
[ Vss(,,, was calculated by: 


where f is the free fraction of thiopental in each tissue, V is the anatomical 
plasma and tissue volumes, and the subscripta p ,  1, m, and a denote 
plasma, liver, muscle, and adipose, respectively. In this study, reported 
values (14) of 44 mlkg for both V,  and V I  and of 500 mlhg for V ,  were 
used, but the value of 40 ml/kg for Va was experimentally determined. 
In spite of the presence of sulfadimethoxine, alterations of the free 
fraction of thiopental binding to liver, muscle, and adipose homogenates 
were insignificant, suggesting that sulfadimethoxine does not alter the 
binding of thiopental to these tissues (Table 11). 


cb. mM 
Figure 2-Scatchard plot of data for the binding of thiopental to rat 
serum with (0) and without (0) sulfadimethonine. Equilibrium dialysis 
was performed at 370 for 16 hr against 0.05 M isotonic tromethamine- 
hydrochloric acid buffer (pH 7.4) containing 0.05-0.5 mM thiopental. 
The concentration of sulfadimethoxine was 2.4 mM. Lines were fitted 
by a linear least-squares regression. 


The mean apparent volumes of distribution ( V8*) calculated from each 
plasma disappearance curve were 689.7 f 83.0 mlkg for the control rats 
and 2480.2 f 552.5 ml/kg for the sulfadimethoxine-treated rats (Table 
I); Vss(in ,,itm) values, calculated by Eq. 5 from the in uitro binding studies 
for the main distribution tissues (i.e., liver, muscle, and adipose), were 
1442 mlkg for the control rats and 4083 ml/kg for the sulfadimethox- 
ine-treated rats. The ratio of Vss(in uitro) with sulfadimethoxine to that 
of the control was 2.8, which seems to be comparable to the ratio of 3.6 
from the in uiuo experiments. 


DISCUSSION 


The importance of tissue binding on drug distribution and elimination 
as well as plasma binding has been emphasized recently (6,15,16). In this 
study, the effect of sulfadimethoxine on the elimination and distribution 
of thiopental was examined in both plasma disappearance and in uitro 
serum and tissue binding studies in an attempt to predict the drug in- 
teraction from in uitro binding data. 


In plasma protein binding, a typical displacement of thiopental by 
sulfadimethoxine was observed (Fig. 2); but in tissue binding, no signif- 
icant difference was observed in the free fraction of thiopental with or 
without sulfadimethoxine (Table 11). This finding suggests that sulfa- 
dimethoxine does not alter the binding of thiopental to these tissues. The 
possible reasons for this discrepancy would be that thiopental is bound 
mainly to albumin in plasma but is bound in part to albumin in tissues 
but mainly to lipid or other macromolecules, which have nonspecific 
binding activities, due to the high lipophilicity of thiopental. 


The overestimation of VsS(i,, urtm) compared to values from the plasma 
disappearance curves (Table I) might be due to underestimation of the 
free fraction of thiopental in tissue binding (Table 11). In this study, di- 
luted (25-505b) homogenates were used for liver and muscle binding 
studies, and this approach may cause the underestimation of the free 
fraction of thiopental due to the protein concentration dependency in 
the thiopental binding. Recently, Fichtl et al. (17) reported that the 
displacement of thiopental by phenylbutazone was not revealed in tissue 
binding using rabbit muscle homogenate. With respect to the displace- 
ment of thiopental in plasma binding by sulfadimethoxine, little has been 
reported, and only the displacement of tolbutamide binding to the plasma 
protein by sulfadimethoxine in sheep was reported (18). Thus, the in- 
crease in V,# in the presence of sulfadimethoxine might be explained by 
the alteration of plasma binding of thiopental. Furthermore, a significant 
difference also was shown in v d g  between the control and sulfadi- 
methoxine-treated rats (Table I), which also can be explained by the al- 
teration of the plasma binding of thiopental. 


The possibility of inhibition in the metabolism of thiopental by sul- 
fadimethoxine also should be considered. Previously, the inhibition in 
the micmmal  oxidation of tolbutamide by sulfaphenazole was reported 
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(19). In this study, in the presence of sulfadimethoxine, the Clint of 
thiopental also decreased to one-half that of the control rats (Table I). 
These findings suggest that the inhibition in thiopental metabolism might 
be affected by sulfadimethoxine. 


The values for the tissue binding reported in this paper are only rela- 
tive; they are not absolute. Further elaborate studies are necessary for 
the precise evaluation of tissue binding. 
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Abstract 0 Twelve imide analogs were examined for their ability to lower 
serum cholesterol and triglyceride levels in mice. Potent activity was 
observed for compounds containing a phthalimide or saccharin ring 
structure. The ability to lower serum cholesterol appears to be related 
to the ability to suppress acetyl-CoA synthetase activity. The availability 
of acetyl-CoA in the cytoplasm is a key regulatory component for cho- 
lesterol and fatty acid synthesis. The capacity to reduce serum triglyc- 
erides was related directly to the ability of the compound to inhibit ace- 
tyl-CoA carboxylase activity, the regulatory enzyme of fatty acid syn- 
thesis. 


Keyphrases 0 Imide analogs-effects on enzymes required for choles- 
terol and fatty acid synthesis, serum cholesterol and triglyceride levels, 
mice Cholesterol synthesis-effects of 12 imide analogs on related 
enzymes 0 Fatty acid synthesis-effects of 12 imide analogs on related 
enzymes Triglyceride levels-effects of imide analogs on enzymes re- 
quired for cholesterol and fatty acid synthesis 


The antihyperlipidemic effects of potassium phthal- 
imide and N-substituted phthalimides at 20 mglkglday 
in rodents were reported previously (1). Side-chain lengths 
of four carbon atoms or their equivalent for the N-sub- 
stituted acids, esters, and ketones resulted in the greatest 
inhibition. 0-Hydroxy-0-methylglutaryl-CoA reductase 


activity was not affected by these agents significantly, but 
inhibition of acetyl-CoA synthetase activity was related 
directly to the ability to lower serum lipids. Furthermore, 
the agents appeared to accelerate .cholesterol excretion in 
the feces. No toxic or teratogenic effects were noted for 
these compounds, i.e., LD50 1 2 glkg. 


The present study involves variation of the type of nu- 
cleus and the side chain to improve antihyperlipidemic 
activity and examination of the enzymes involved early in 
cholesterol and triglyceride synthesis for inhibition by 
these agents. 


EXPERIMENTAL 


Twelve compounds were selected for this study (Table I). Phthalimide’ 
(I), succinimide’ (HI), 1,8-naphthalimide2 (V), saccharin3 (VII), dibutyl 
phthalate4 (X), and the standard, acetazolamide6, were purchased 
commercially. 


1 Kodak Co. 
2 Aldrich Chemical Co. 
3 Ruger Chemical Co. 
4 Matheson. Coleman and Bell. 
6 Lederle Laboratories. 
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BOOKS 


REVIEWS 


Pharmaceutical Microbiology, 2nd Ed. Edited by W. B. HUGO and 
A, D. RUSSELL. Blackwell Scientific Publications. Osney Mead, 
Oxford OX2 OEL, England. 1980.352 pp. 15 X 23 cm. Price $26.75 (soft 
cover). 
The editors of this book state that: “Pharmaceutical microbiology may 


be defined as that part of microbiology which has a special bearing on 
pharmacy in all its aspects.” “As this book is aimed at undergraduate 
pharmacy students (as well as microbiologists entering the pharmaceu- 
tical industry) we were under constraint to limit the length of the book 
to retain it in a defined price range.” 


The 21 British authors are from universities and medical schools (11 
contributors), industry (nine), and government laboratories (one). The 
book is divided into four parts: Biology of Microorganisms, Antimicrobial 
Agents, Microbiological Aspects of Pharmaceutical Processing, and The 
Future. 


In Part I, bacteria, molds and yeasts, and viruses are treated in brief 
chapters with sufficient detail for the purpose of this book. 


Part I1 constitutes one-half of the book and considers the manufacture 
of antibiotics and immunological products, the evaluation and properties 
of antibiotics, disinfectants, antiseptics, and preservatives, and quality 
control of immunological products. 


The ecology of bacteria in an industrial environment, the theory and 
practice of sterilization, spoilage of pharmaceutical products, and sterility 
testing are discussed in Part 111. 


Part IV is a one-page review of the outstanding problems in the fields 
covered in the book. Most of the references are to British journals. 


The brief account of microbiological assays for antibiotic substances 
is a decade or two out of date with regard to both theory and practice. The 
nonexistent second edition of “Analytical Microbiology” was given as 
a reference instead of the correct citation of Volume two. 


In addition to its intended audience, the book is recommended to those 
in the pharmaceutical industry who need a brief introduction to a very 
broad subject. It enables administrators to learn what their scientists have 
done and are or should be doing. This book is a handy general reference 
to the multitudinous aspects of microorganisms and antibacterial agents 
and their interactions. It could be as useful to those outside the phar- 
maceutical industry as to those inside. 


Reuiewed by Frederick Kavanagh 
829 36th St., N. W. 
Corvallis, OR 97330 


Concepts in Drug Metabolism, Par t  A. Edited by PETER JENNER 
and BERNARD TESTA. (Drugs and Pharmaceutical Sciences, Vol. 
10.) Dekker, 270 Madison Ave., New York, NY 10016.1980. 409 pp. 
15 X 23 cm. Price $49.50. 
“Concepts in Drug Metabolism,” in two multiauthored parts, presents 


a wide ranging collection of essays on major topics in drug metabolism 
and allied fields which reflect the viewpoints held by the experts in the 
field. 


The contents of Part A are divided into seven chapters which deal with 
the following topics: the significance of analytical techniques in drug 
metabolism studies; a structural approach to selectivity in drug metab- 
olism and disposition; mechanisms of oxidative functionalization reac- 
tions; conjugation reactions; the role of extrahepatic metabolism in drug 
disposition and toxicity; developmental implications; and the use of 
metabolite data in the evaluation of pharmacokinetics and drug action. 
Because each chapter was written by a different author, some overlap 
between the contributions has occurred. According to the editors, the 
authors were requested to present the reader with a wide ranging and 
conceptual approach to each topic. As a consequence, the chapters tend 
to reflect the personalities and views of the authors. The reader will find 
that some chapters are quite philosophical in their approach, while other 
chapters make use of large bodies of factual information to illustrate the 
underlying concepts. 


“Concepts in Drug Metabolism” complements well Volume 4 of the 
Drugs and Pharmaceutical Sciences series, which was entitled “Drug 


Metabolism: Chemical and Biochemical Aspects” (1976) and was written 
by Testa and Senner. Graduate students and researchers in drug me- 
tabolism in the fields of pharmacology, medicinal chemistry, toxicology, 
and biochemistry will find the book to be a valuable guide as well as an 
important source of new ideas. There are several drawbacks. With few 
exceptions, Part A represents a review of the literature prior tc 1978. The 
book was published in 1980 and represents a gap of 2 years in the litera- 
ture. Furthermore, although the two-volume set, in combination with 
the earlier book by Testa and Jenner, would make an excellent text for 
a graduate-level course in drug metabolism, the cost of the baoks tends 
to be prohibitive. 


Part A presents an authoritative overview of vital topics and devel- 
opments in drug metabolism and related areas and is highly recom- 
mended . 


Reviewed by Sidney J. Stohs 
Department of Biomedicinal 


College of Pharmacy 
University of Nebraska Medical 


Omaha, NE 68105 


Chemistry 


Center 


Iatrogenic Diseases, 2nd Ed. By P. F. D’ARCY and J. P. GRIFFIN. 
Oxford University Press, 200 Madison Ave., New York, NY 10016. 
1980.546 pp. 18 X 24 cm. Price $67.50. 
The first edition of this text appeared in 1972. Other than Moser’s 


“Diseases of Medical Progress” and “Drug Induced Diseases” by Meyler 
and Peck, publiihed in 1972, there are no comprehensive books that cover 
adverse reactions from the perspective of this text. The book contains 
26 chapters and two appendixes. The chapters are arranged by body 
system or site (i.e., skin disease, blood dyscrasias, renal disease, and 
disorders of the eye). 


There is a chapter on teratogenic and other possibly harmful effects 
of drugs in pregnancy, a chapter on drugs excreted in the breast milk, and 
a table of drug interactions. 


The introductory chapters provide concise and informative overviews 
of the monitoring and epidemiology of adverse drug reactions. All major 
adverse reaction surveillance programs are described, and the major 
outcomes are highlighted. Types of reporting are categorized in an in- 
teresting and useful manner (e.g., drug-oriented monitoring, disease- 
oriented monitoring, complication-oriented monitoring, monitoring 
children, and monitoring geriatrics). A well-designed tabulation provides 
the reader with virtually all of the studies of adverse reactions in hospi- 
talized patients from 1964 through 1977. A nicely worded and concise 
description of various factors (e.g., sex, age, genetics, and disease states) 
that may adversely affect patient responses to drugs is presented. 


Each chapter is written in a crisp, authoritative, and comprehensive 
manner. Useful details on the pathophysiology of many drug-induced 
adverse reactions are presented in a logical and succinct manner. Each 
chapter is well referenced, apparently up through some portion of 
1978. 


The index is extensive, providing the reader with cross-referencing to 
adverse effects by drug, specific adverse effects, and broad general 
categories. One disadvantage to many American readers is the lack of 
cross-referencing of British drug names. For example, pethidine, para- 
cetamol, rifampicin, and sulphafurazole are not cross-referenced to their 
US. counterparts (meperidine, acetaminophen, rifampin, and sulfisox- 
azole, respectively). 


The reader will not find this book to be an encyclopedic review of ad- 
verse reactions, such as is afforded by Meyler and Herxheimer in their 
unexcelled offering, “Side Effects of Drugs.” However, its unique ap- 
proach and crisp style make it an invaluable addition to the bookshelf 
of the practitioner. It fills a void not covered by any other reference book 
of current vintage. 


Reviewed by Fred J. Salter 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, VA 23298 
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Abstract Porous glass coated with silicone adsorbed proteins such as 
albumin, globulin, hemoglobin, lysozyme, and peroxidase in pH 7.2 
phosphate-buffered saline in the amount of 33-53 mg of protein/g of glass 
(39.4 m2/g of glass). Theae proteins were not adsorbed from distilled water 
(except peroxidase). The amounts of albumin adsorbed onto coated glass 
from several buffers a t  ionic strength >0.05 p were similar to amounts 
adsorbed from saline, despite the difference in salts and pH. The enzymes 
adsorbed onto coated glass were stable for a t  least 1 month. Drugs such 
as insulin, atropine sulfate, physostigmine salicylate, and epinephrine 
were adsorbed onto the coated glass in the amounts of 28,0.32,1.53, and 
0.01 mg/g of glass, respectively. The adsorption of pharmaceutical bio- 
logicals composed of proteins such as hormones and vaccines onto sili- 
cone-coated glass containers must be recognized and compensated for, 
particularly a t  low concentrations. Protein adsorption onto coated glass 
might be caused by hydrophobic interaction. 


Keyphrases 0 Adsorption-proteins, drugs onto silicone-coated glass 
0 Silicone-coated glass surfaces-adsorption of drugs and proteins 
Proteins-adsorption onto silicone-coated glass surfaces 0 Glass con- 
tainers-adsorption of proteins onto silicone-coated surfaces 


Uncoated porous glass was developed for exclusion 
chromatography (1). Glass with a large surface area is 
useful for the accurate estimation of drugs and proteins 
adsorbed onto glass surfaces (2). From the maximum 
amount of protein adsorbed (233 mg/97 m2), the amounts 
of protein drugs adsorbed onto a glass container with a 
20-ml capacity were estimated to be >12 pg (2). After ad- 
sorption onto uncoated glass surfaces for a long time, 
protein activity decreased (3). 


Glass surfaces are anionic, and 1 g of glass (97 m2) ad- 
sorbs 5 pmoles of cationic drugs, such as atropine and 
physostigmine, and other biological components (4). In- 
sulin also was adsorbed onto glass surfaces from a pH 2.6 
isotonic glycerin solution (2). Serum globulin was adsorbed 
to a greater extent than albumin; antibodies (IgG and IgM) 
are also well adsorbed onto glass from physiological saline 
(5). 


Pharmaceutical glass containers generally are coated 
with silicone to prevent drug adsorption and inactivation 
during storage. Surfaces coated with silicone can repulse 
a water layer and thus decrease adsorption. However, sil- 
icone-coated glass has been shown to adsorb the hormone 
secretin, although albumin blocks secretin adsorption (6). 
Adsorption of albumin and cells such as platelets and 
leucocytes onto silicone-coated glass also was reported 
(7-9). The USP (10) and the JP (11) do not provide stan- 
dards for silicone coating, and the properties of the glass 
surfaces coated with silicone are not defined. The purpose 
of this investigation was to estimate drug and protein ad- 
sorption onto silicone-coated glass surfaces. 


EXPERIMENTAL 


Methods-Adsorption of proteins and other substances was studied 
using silicone-coated porous glass packed in columns. Silicone-coated 
porous glass floats on water because of the repulsion between water and 
silicone, making an accurate estimation of adsorption impossible. 


Therefore, silicone-coated glass was precipitated as follows. 
rous glass', composed of 100-pm particles with a pore 


diameter of 240 dpwas suspended in a chromic acid mixture. The glass 
then was packed in a column and washed thoroughly with distilled water 
to neutrality. The beads were dried at  180' in an evaporating dish, and 
1 g of the dried beads was added to 3 ml of carbon tetrachloride containing 
200 mg of silicone2 (dimethylpolysiloxane). After evaporation of carbon 
tetrachloride, the glass was heated at  300O for 10 min to enhance a tight 
coating with silicone. The surface area of the silicone-coated glass mea- 
sured 39.4 m2/g of glass using equipment3 with nitrogen gas. 


The porous glass coated with silicone was precipitated in 0.05 M 
phosphate (pH 7.3) by using a detergent, 0.7% sodium lauryl sulfate, and 
the precipitate was packed in columns (12). Precipitation was caused by 
the loas of repulsion between water and silicone, because the glass surfaces 
were coated with sulfate residues of lauryl sulfate, which were bound to 
silicone residues by hydrophobic bonding. After washing with -100 
column volumes of hot water, lauryl sulfate residues on the glass were 
completely removed. The complete removal was confirmed by passing 
a 02% BaCb solution through the column (13). Frontal analysis was used 
to estimate the amount of sample adsorbed ontosilicone-coated glass (14). 
Sample solutions were loaded a t  a flow rate of 1.5 ml/min/cm2 at  room 
temperature. The column size was 0.6 X 4.0 cm. 


Materials-The proteins used were bovine serum albumin4, egg ly- 
m e 5 ,  horseradish peroxidad, bovine hemoglobin5, and bovine serum 
globulin prepared from bovine serum by fractional precipitation with 
ammonium sulfate. These proteins were dissolved a t  a concentration of 
1 mg/ml in distilled water or pH 7.2 phosphate-buffered saline composed 
of 0.137 M NaCI, 2.7 mM KCl, and 9.5 mM phosphate. Other active en- 
zymes were alkaline phosphatase6 from Escherichia coli and malate 
dehydr~genase~. 


The drugs used were insuline, atropine sulfates, epinephrinelo, and 
physostigmine salicylate". Insulin was dissolved in pH 2.6 isotonic 
glycerin solution, and epinephrine was dissolved in saline containing 0.01 
N HCl. Atropine and physostigmine were dissolved in pH 7.2 phos- 
phate-buffered saline. Amino acid@, gldcose, and nucleic acid compo- 
nents5 were commercial reagents. The concentrations of proteins and 
nucleic acid components were determined by absorbance measurements 
at 280 and 260 nm, respectively. The amino acid concentrations were 
determined by the color reaction with ninhydrin. 


The controlled 


RESULTS AND DISCUSSION 


Protein Adsorption-Figure 1 shows the patterns of protein ad- 
sorption onto silicone-coated glass columns (0.6 X 4 cm, 0.5 9). In phos- 
phate-buffered saline, proteins were well adsorbed onto the glass; the 
amounts of albumin, globulin, lysozyme, hemoglobin, and peroxidase 
adsorbed Qnto 1 g (39.4 m2) of the glass were 42 mg (0.64 pmole), 53 mg 
(0.3 pmole), 38 mg (2.7 pmoles), 47 mg (0.73 pmole), and 33 mg (0.83 
pmole), respectively. From these values, the amount of proteins adsorbed 
onto silicone-coated surfaces of a glass container (50 cm2 of surface area, 
20-ml capacity) and a glass injector was estimated to be >7 pg. The 7- 
pg/20-ml concentration must have been a minimum point not signifi- 
cantly affected by adsorption onto silicone-coated glass surfaces. 


1 CPG-10, Electro-Nucleonics, Fairfield, N.J. 
2 KF 96, Shin-Etau Chemicals, Tokyo, Japan. 
3 Orr surface-area pore-volume analyzer model 2100D. Micromeritica Instrument 


' Miles Laboratories, Elkhart, Ind. 
6 Sigma Chemical Co., St. Louis, Mo. 


7 Boehri er GmbH, Mannheim, West Germany. 
8 Fluka a, Buchs, Switzerland. 
9 Wako Pure Chemicals Ltd., Osaka, Japan. 


lo Katayama Chemicals, Osaka, Japan. 
11 E. Merck AG, Darmstadt, West Germany. 
12 Ajinomoto Co. Inc., Kawasaki, Japan. 


Corp., Norcross, Ga. 


P-L Biochemical Inc., Milwaukee, Wis. 
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FRACTION NUMBER, 1 mlhube 
Figure 1-Adsorption patterns of protein (1 mglml) from distilled- 
water medium (left) and phosphate-buffered saline (PBS) (right) on 
the silicone-coated porous glass column (0.6 X 4 em, 0.5g). Proteins are 
the same in both sides of the figure. 


One example of a protein solution being used at a low concentration 
is the purified protein derivative of tuberculin, which is used at  0.5 pg/ml 
in phosphate-buffered saline. Therefore, the adsorption of pharmaceu- 
tical biologicals composed of proteins such as hormones and vaccines onto 
silicone-coated glass must be recognized and compensated for, particu- 
larly a t  low concentrations and when an accurate dose of an injection is 
required. 


The amounts adsorbed onto silicone-coated glass (83-133 mg1100 m2 
of glass) were similar to those (100-200 mg/100 m2) of protein adsorbed 
onto noncoated glass in a distilled water medium. The value (133 mg/100 
m2) of bovine serum globulin was slightly higher than that (83 mg/100 
m2) for noncoated glass (5). Thus, the antibody in antiserum also is well 
adsorbed onto silicone-coated glass surfaces, and this adsorption must 
be seriously considered upon storage of purified antiserum in pharma- 
ceutical glass containers coated with silicone. 


In distilled water, the amounts of albumin, globulin, lysozyme, and 
hemoglobin adsorbed were 1.2,2.7,1.7, and 2.4 mglg of g w ,  respectively. 
These values were lower than those in phosphate-buffered saline (Fig. 
1). The discrepancy in protein affinities for the coated glass in phos- 
phate-buffered saline and in distilled water must have been due to the 
ionic environment in the solution. The peroxidase from horseradish ad- 
sorbed well onto silicofie-coated glass in water (62 mg/g of glass). This 
adsorption of peroxidase onto coated glass contrasts to that onto non- 
coated glass; peroxidase adsorption in distilled water onto coated glass 
was the strongest, but on noncoated glass, it was the weakest among the 
proteina examined. 


This phenomenon might be explained by the difference in bonding 
between proteins and glass. On noncoated glass, proteins are adsorbed 
mainly by amine-silanol bonding and a cooperative aggregative force 
between silica and proteins. On coated glass, proteins must be adsorbed 
mainly by hydrophobic bonding between aliphatic residues on proteins 
and silicone residues on coated glass. This hypothesis is supported partly 
by the observation that some proteins adsorbed onto noncoated porous 
glass were eluted with several different buffers, while proteins adsorbed 
onto the coated glass were not unless detergents such as sodium lauryl 
sulfate were added to the elution buffers. 


The difference in the strength of adsorption onto silicone-coated glass 
was examitled next by using protein mixtures in phosphate-buffered 
saline. In the top section of Fig. 2, the absorbance at 403 nm shorn the 
elution of peroxidase; the absorbance at 280 nm waa due to total proteins 
(peroxidase plus albumin). The ratio of A m  to A m  was 0.6 at  the 20th 


- I Albumin + Hemoalobin 


20 40 60 80 100 ' 
FRACTION NUMBER, 1 rnl/tube 


Figure 2-Adsorption patterns of mixtures on silicone-coated glass 
columm in pH 7.2 phosphate-buffered saline. The upper profile is for 
a mixture of bovine serum albumin (0.5 mglml) and horseradish per- 
oxidase (0.5 mglml); the lower profile is for a mixture of albumin (0.5 
mglml) and hemoglobin (0.5 mglml). Key: 0, ratio of A m  to Am.and 
0, ratio of A m  to Awl. 


tube and increased to 2.3 at  the 60th tube, which is identical to that of 
the original mixture. This result indicates that peroxidase was adsorbed 
more weakly onto coated glass surfaces than was albumin. 


The absorbance a t  541 nm shown a t  the bottom of Fig. 2 represents 
hemoglobin. The ratio (8.6) of A m  to  AM^ at the 21st tube indicatea that 
hemoglobin adsorption was stronger than that of albumin. Thus, various 
proteins have different affinities for silicone-coated glass surfaces, and 
the affinities of three proteins onto the coated glass are in the order of 
hemoglobin > albumin > peroxidase. This order parallels the aliphatic 
amino acid content (44% in hemoglobin, 36% in albumin, and 31% in 
peroxidase) and is independent of molecular weight. 


These results suggest that the protein adsorption onto silicone-coated 
glass was caused at  least partially by hydrophobic interaction. These 
results also suggest that prevention of adsorption of hormones or vaccinea 
by the addition of nonactive proteins such as albumin should depend on 
the ratio of those drugs to the adduct and on the difference in the af- 
finities of the proteins to the coated glass. 


Adsorption Propertiee of Proteins-Figure 3 shows albumin ad- 
sorption patterns (isoelectric point 4.7) in 0.1 M citrate buffer a t  pH 3.0 


I' . 
20 40 60 80 
FRACTION NUMBER, 1 rnlhube 


Figure &Adsorption patterns of bovine serum albumin on the coated 
glass column at pH 3.0 and 9.0 with buffers of 0.1 M sodium citrate and 
0.5 M tris(hydroxymethy1)aminomethme hydrochloride, respec- 
tively. 
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Table I-Amounts of Bovine Serum Albumin Adsorbed onto 
Silicone-Coated Porous Glaes in Buffers 


Ionic Amount, 
Strength, mg/g (39.4 m2 


Buffer p pH oftheglass) 
Distilled water 0 - 1.2 
Phos hate-buffered saline 0.16 7.2 42 
0.1 S c i t r a t e  0.20 3.0 32 
0.5 M Tris(hydroxymethy1)- 0.05 9.0 31 


0.01 M Phos hate 0.026 7.3 1.0 
0.5 M Phosptate 1.3 7.3 32 
0.01 M Phosphate + 0.05 M NaCl 0.076 7.3 20 
0.01 M Phosphate + 2 M NaCl 2.026 7.3 43 
0.1 M Tris(hydroxymethy1)- 0.09 7.6 41 


0.1 M Acetate 0.1 7.0 19 
0.5 M Acetate 0.45 5.6 36 


aminomethane hydrochloride 


aminomethane hydrochloride 


0.2 M Glycine 
0.5 M Glycine 
20% Sucmne 


0.01 8.0 2.4 
0.1 9.0 28 - - i n  


and in 0.5 M tris(hydroxymethy1)aminomethane hydrochloride at pH 
9.0. The albumin adsorption pattern at pH 7.2 is shown in Fig. 1. At theae 
three pH points, the patterns were similar, indicating that pH did not 
affect protein adsorption onto silicone-coated glass. Thus, the adsorption 
is not caused by ionic bonding, even though protein adsorption onto 
noncoated glass is caused partially by ionic bonding (2). 


Table I shows the amounts of bovine serum albumin adsorbed onto 
silicone-coated glass in various buffers. Albumin was well adsorbed (from 
20 to 43 mg/g) onto the glass in phosphate, acetate, glycine, and tris(hy- 
droxymethy1)aminomethane hydrochloride buffers a t  ionic strengths 
higher than 0.05 p. However, only 1-2.4 mg of albumin/g was adsorbed 
from buffers a t  ionic strengths of <0.026 p. Thus, ionic strength is an 
important factor for protein adsorption onto coated glasa; the marginal 
ionic strength for albumin was -0.024.05 p. Meanwhile, a small amount 
of albumin was adsorbed at  high concentrations (20%) of nonionic sub- 
stances such as sucrcae. Glycine buffer prevented protein adsorption onto 
noncoated glass (15) but did not interfere with adsorption onto sili- 
cone-coated glass. Theae results also demonstrate that protein adsorption 
onto coated and noncoated glass is different. 


The amounts of amino acids and other biological components adsorbed 
onto coated glass are shown in Table 11. The values were low, 0.03-0.7 
pmole/g (6-60 pglg). The values for lysine, nucleic acid components, and 
glucose were small (0.03-0.08 pmole/g, the minimum values to be mea- 
sured accurately under theae conditions). Some hydrophobic amino acids 
such as isoleucine, methionine, and phenylalanine were adsorbed in the 
amounts of 0.3-0.7 pmole/g (39.4 m2); these values were similar to those 
of proteins (0.3-2.7 pmoledg) in Fig. 1. Some amino acids were adsorbed 
in distilled water, even though those proteins in Fig. 1 (except peroxidase) 
were not adsorbed in water. 
Drug Adsorption-The adsorption pathxns of some drugs on sili- 


cone-coated glass are shown in Fig. 4. Insulin adsorbed well (71 mg/100 
m2) onto the glass in pH 2.6 isotonic glycerin solution; this value was 


Table 11-Amounts of Biological Components Adsorbed onto 
Silicone-Coated Glass in pH 7.2 Phosphate-Buffered Saline 


Amount on Silicone-Coated Glass 
Sample pmole/g CCdg 


Lysine 0.04 7 
Aspartic acid 0.39 52 
Isoleucine 0.38 (0.16)" 50 
Methionine 0.24 36 
Serine 0.76 80 
Asparagine 0.36 48 
TryptpPhrn 0.08 (0.02)" 16 


0.16 (0.26)" 29 


Adenosine 0.18 47 
C ytidine 0.04 9.6 
Guanosine 0.07 20 
Uridine 0.06 15 
5'-Adenylic acid 0.08 29 
Crude tRNA 0.05 15 
Glucose 0.03 5.4 


Values in a distilled water medium. * Value of phosphate. 


T E ; i L n i n e  0.36 (0.18)" 59 
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Figure 4-Adsorption patterns of drugs on columns of the silicone- 
coated porous glass. The concentrations of insulin and epinephrine were 
measured by absorbance at 280 nm. Atropine and physostigmine con- 
centrations were measured at 220 and 260 nm, respectively. The column 
size was 0.6 X 4 cm. Insulin was dissolved in pH 2.6 isotonic glycerin 
solution, epinephrine was dissolved in saline containing 0.01 N HCl, 
and atropine sulfate and physostigmine salicylute were dissolved in pH 
7.2 phosphate- buffered saline. 


similar to the values in Fig. 1 but was higher than the value (6.14 mg/lOO 
m2) on noncoated glass (2). In phosphate-buffered saline, the values for 
atropine and physostigmine were 0.81 and 3.88 mg/100 m2, respectively, 
about five times higher than the amounta on noncoated glass in saline. 


Very little epinephrine was adsorbed (<0.02 mg/100 m2) onto sili- 
cone-coated glass. The amount of insulin adsorbed onto the surface of 
a coated glass container (50 cm2,20 ml) was 0.085 U. This value was rel- 
atively low compared to the usual dosage, although an accurate donage 
should be influenced by this adsorption. The values for atropine and 
ph-tigmine adsorbed onto the surface of a coated glass container were 
very low (60-200 ng). 


Stability of Adsorbed Proteins-The stability of enzymes adsorbed 
onto silicone-coated glass was stu+ed using alkaline phosphatase, malate 
dehydrogenase, and horseradish peroxidase. After these enzymes were 
adsorbed onto the coated glass column, the solutions containing sub- 
strates, such as p-nitrophenylphosphate for phosphatase, B-nicotinam- 
ide-adenine dinucleotide in the reduced form for dehydrogenase, and 
guaiacol hydrogen peroxide for peroxidase, were loaded on the columns 
and the absorbance of the eluates yas measured. 


The alkaline phosphatase activities after adsorption for 1 week and 
1 month were 98 and 9696, respectively, of the value obtained on the 1st 
day. The malate dehydrogenase activities after adsorption for 1 week and 
1 month were 97 and 8996, respectively, under the same conditions. Per- 
oxidase retained full activity after being adsorbed onto the column for 
1 month. The activities of phosphafase in free and in bound forms were 


E 


0 


1 2 3 4 6 
SUBSTRATE CONCENTRATION, mM 


Figure &Substrate concentration curve of alkaline phosphatase 
immobilized on the silicone-coated glass and in free solution. The re- 
action mixtures of 3 ml in I M tris(hydroxymethy1)aminomethane 
hydrochloride (pH 8.6) contained substrate and 25 pg of free or bound 
enzyme on 1 ml of coated glass. The reaction was carried out at room 
temperature; the absorbance at 405 nm was measured after incubation 
for 30 sec in both cases. The substrate was p-nitrophenyl phosphate. 
Key: 0, free solution; and a, enzyme immobilized on the glass. 
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compared as a function of substrate concentration (Fig. 5). The activity 
of bound enzyme was determined by mixing with the substrate solution 
for 30 sec, using a mechanical mixer, and measuring the absorbance of 
the supernate after standing for 10 sec. The maximum velocity of the 
immobilized enzyme was slightly lower than that of the free enzyme, but 
the Km values were similar. These properties did not vary on adsorption 
for 1 week. Hence, the surfaces of silicone-coated glass may be useful as 
a support for the enzymes to be immobilized, but the surfaces of non- 
coated glass are not appropriate for this purpose (3). 


With the noncoated glass in the column, the top portion of the glass 
turned milky white after albumin solution was applied whereas no color 
change was observed when coated glass was used. Albumin might have 
precipitated on the noncaated glass but was well adsorbed onto the coated 
glass. The difference in the adsorption forces between amine-silanol ionic 
bonding and hydrophobic interaction might have caused this differ- 
ence. 


Adsorption on Synthetic Polymers-Synthetic polymers such as 
polyethylene and polyethylmethacrylate are useful for pharmaceutical 
containers. However, polyethylene was shown to adsorb 155 mg of human 
serum albumin/100 m2 of polyethylene surface (16). Hemoglobin also is 
adsorbed onto polyethylene (17). Polyethylmethacrylate and polyhy- 
droxyethylmethacrylate adsorb plasma proteins such as hemoglobin, 
albumin, fibrinogen, and y-globulin (18). Polystyrene adsorbs human 
serum albumin, ribonuclease, and muscle proteins (19,20), The reported 
amounts of proteins adsorbed onto synthetic polymers are comparable 
to those adsorbed onto coated and noncoated glass, although the mech- 
anisms of protein adsorption onto synthetic polymers and glass must be 
different. 


Pharmaceutical preparations composed of proteins such as hormones 
and vaccines adsorb onto the surfaces of their containers. This adsorption 
is particularly significant a t  low protein concentrations since at  least 7 
pg of protein is adsorbed by the surface of a 20-ml glass container. Thus, 
it is important to compensate for this adsorption when dispensing low 
doses of such substances. 
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Abstract 0 Studies directed at the synthesis of tetracycline ring A an- 
alogs are described. 4-Carbethoxycyclohexane-1,3-dione was converted 
to the ethyl urethan dispiro[l,3-dioxolane-2,2’-cyclohexane-4’,2”(1,3)- 
dioxolanel-1’-carbamic acid ethyl ester via the dispiro[l,3-dioxolane- 
2,2‘-cyclohexane-4’,2”(1,3)-dioxolane]-l’-carboxylic acid hydrazide. An 
improved synthesis of another cyclohexenone from methyl vinyl ketone 
and ethyl nitroacetate is reported. Reaction of N-(3-hydroxy-l-oxo-2- 
cyclohexen-4-y1)benzamide with a-chloroacetyl isocyanate afforded a 


4(5H)-oxazolone derivative, as did the identical reaction on 5,5-di- 
methyl-l,3-cyclohexanedione (dimedone). This reaction provides a novel 
approach to these oxazolones with potential therapeutic importance. 
Other ring A analogs were synthesized also. 


Keyphrases Tetracycline-synthesis of ring A analogs 0 4(5H)- 
Oxazolones-tetracycline ring A analogs, synthesis Analogs-tetra- 
cycline ring A analogs, synthesis 


Following a study of the mechanism of the polarographic 
reduction of tetracycline compounds (l), the need arose 
for simpler analogs encompassing some or all structural 
features of ring A of the tetracyclines. A literature search, 
followed by some preliminary attempts at duplicating one 
synthetic approach, revealed that a ready access to these 
compounds had not been published. 


Smissman et al. (2) attempted, without success, to 
prepare ring A analogs by cyclizing appropriate alicyclic 
molecules. Muxfeldt et al. (3) prepared several ring A 


analogs by the condensation of unsaturated oxazolones 
with active methylene compounds. Compound I was ob- 
tained, which could be hydrolyzed and decarboxylated to 
give 11. Alternatively, treatment of I with Meerwein’s re- 
agent afforded I11 (Scheme I). 


A different approach was reported (4,5) for preparing 
ring A analogs, involving catalytic hydrogenation of sub- 
stituted resorcinols to yield the corresponding 1,3-cyclo- 
hexanedione derivatives. All efforts a t  duplicating this 
synthesis were unsuccessful. Several reported approaches 
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(19). In this study, in the presence of sulfadimethoxine, the Clint of 
thiopental also decreased to one-half that of the control rats (Table I). 
These findings suggest that the inhibition in thiopental metabolism might 
be affected by sulfadimethoxine. 


The values for the tissue binding reported in this paper are only rela- 
tive; they are not absolute. Further elaborate studies are necessary for 
the precise evaluation of tissue binding. 
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Abstract 0 Twelve imide analogs were examined for their ability to lower 
serum cholesterol and triglyceride levels in mice. Potent activity was 
observed for compounds containing a phthalimide or saccharin ring 
structure. The ability to lower serum cholesterol appears to be related 
to the ability to suppress acetyl-CoA synthetase activity. The availability 
of acetyl-CoA in the cytoplasm is a key regulatory component for cho- 
lesterol and fatty acid synthesis. The capacity to reduce serum triglyc- 
erides was related directly to the ability of the compound to inhibit ace- 
tyl-CoA carboxylase activity, the regulatory enzyme of fatty acid syn- 
thesis. 


Keyphrases 0 Imide analogs-effects on enzymes required for choles- 
terol and fatty acid synthesis, serum cholesterol and triglyceride levels, 
mice Cholesterol synthesis-effects of 12 imide analogs on related 
enzymes 0 Fatty acid synthesis-effects of 12 imide analogs on related 
enzymes Triglyceride levels-effects of imide analogs on enzymes re- 
quired for cholesterol and fatty acid synthesis 


The antihyperlipidemic effects of potassium phthal- 
imide and N-substituted phthalimides at 20 mglkglday 
in rodents were reported previously (1). Side-chain lengths 
of four carbon atoms or their equivalent for the N-sub- 
stituted acids, esters, and ketones resulted in the greatest 
inhibition. 0-Hydroxy-0-methylglutaryl-CoA reductase 


activity was not affected by these agents significantly, but 
inhibition of acetyl-CoA synthetase activity was related 
directly to the ability to lower serum lipids. Furthermore, 
the agents appeared to accelerate .cholesterol excretion in 
the feces. No toxic or teratogenic effects were noted for 
these compounds, i.e., LD50 1 2 glkg. 


The present study involves variation of the type of nu- 
cleus and the side chain to improve antihyperlipidemic 
activity and examination of the enzymes involved early in 
cholesterol and triglyceride synthesis for inhibition by 
these agents. 


EXPERIMENTAL 


Twelve compounds were selected for this study (Table I). Phthalimide’ 
(I), succinimide’ (HI), 1,8-naphthalimide2 (V), saccharin3 (VII), dibutyl 
phthalate4 (X), and the standard, acetazolamide6, were purchased 
commercially. 


1 Kodak Co. 
2 Aldrich Chemical Co. 
3 Ruger Chemical Co. 
4 Matheson. Coleman and Bell. 
6 Lederle Laboratories. 
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Table I-Physical Properties of Imides Tested for Antihyperlipidemic Effects 


Compound Molecular Weight Observed bp/mp' Literature bp/mp Reference 


I Phthalimide 147.1 235-236' 232-235' 13 
I1 1-N-Phthalimidobutan-3-one 217.2 114-116' 111-113' 2 


111 Succinimide 99.1 122-124' 123-125' 14 
IV 1-N-Succinimidobutan-3-one 169.2 50-52' 53.5-55.5" 2 
V l,8-Naphthalimide 197.2 296299' 285-298' 15 


VI 1-1 
VII Saccharin 


IX 3-N-Phthalimidopropionic acid 
VIII l-N-(o-Benzosulfimido)butan-3-one 


X Dihutvl nhthalate 


-_  ~ ~~. 


V-(1,8-Naphthalimido)butan-3-one 267.3 154-156' - - 
183.2 
253.3 
219.2 
278 .? 


225-229' 
120-122' 
152-153' 
- 


228.8-229.7' 
116-117.5' 


16 
2 
3 


17 -. "X" I . " 1.1111 
XI 1-N-phhalimidopropan-2-one 203.2 123-124' 122.9-123.5' 


XI1 N-n-Butylphthalimide 
Acetazolamide 


203.2 
222.3 


110-116'/0.12 mm 
255' 


100-104°/0.03 mm 
25R-259' 


1-N-Phthalimidobutan-3-one (11, mp llP116'), 1-N-succinimi- 
dobutan-3-one (IV, mp 50-52'), and l-N-(0-benzosulfimido)butan-3- 
one (VIII, mp 120-122') were prepared by the method of Irai et al. 
(2). 
l-N-(l,8-Naphthalimido)butan-3-one (VI) was prepared by the fol- 


lowing procedure. 1,8-Naphthalimide (9.86 g, 0.05 mole) was added to 
300 ml of ethyl acetate containing a catalytic amount of sodium ethoxide. 
The suspension was heated at 60°, and 7.01 g (0.10 mole) of methyl vinyl 
ketone was added over 20 min. The resulting reaction mixture was re- 
fluxed for 5 hr, cooled, and washed with two 150-ml portions of 5% NaOH. 
The solvent was removed in uacuo, and the resulting yellow solid was 
recrystallized from ethanol to yield 3.1 g of VI, mp 154-156'; I R  1695 
and 1660 cm-' ( C 4  stretch); NMR: 6 8.1 (m, 6H, aromatic), 4.55 (t, 2H, 
N-CH2), 2.95 (t, 2H, CHtC), and 2.28 (s,3H, CH3). 


Anal.-Calc. for C16H13N03: C, 71.89; H, 4.90. Found: C, 72.00; H, 
4.84. 


3-N-Phthalimidopropionic acid (IX) was synthesized by the method 
of Chodroff et al. (3), mp 152-153'. 1-N-Phthalimidopropan-2-one (XI) 
was synthesized by adapting the procedure of Abdel-Monem et al. (41, 


I II m 


N V VI 


VII V m  
0 


0 
X 


18 
5 


19 


Table 11-Effects of Imide Analogs on Serum Cholesterol and 
Trialweride Levels of Male Mice (n = 6) 


Percent of Control 
Serum 


Serum Cholesterol Triglyceride, 
Compound Day 9 Dav 16 Dav 14 


I 
I1 


111 


63 f 13' 
67 f 11" 
78 f 9" 


57 f 7' 
63 f 7" 
73 f 126 


IV 9 0 f 9  88 f 7 
V 81 f 6" 61 f 7" 


VI 94 f 12 8 6 f 9 *  
VII 68 f 11" 67 f 10" 


VIII 60 f 8" 62 f 6" 
IX 74 f 100 55 i 12" 
X 89 f 10 91 f 12 


XI 80 f 16 67 f 12" 
XI1 72 f 11" 54 f 6" 


Acetazolamide 82 f 13 77 f 10 
Carboxymethyl- 100 f 100 f 6d 


cellulose, 1% 


44 f 8" 
58 f 7" 
68 f 7" 
79 f 15 
8 7 f  12 
54 f 15" 
51 f 16" 
51 f 7" 
58 f 9" 
74 f 1 o a  
48 f 10" 
82 f 10 
79 f 15 


100 f 6e 


5 0.001. * p 5 0.005, Student t test. 118 mg % of control value. * 122 mg 
9 o o "P control value. 137 mg %of control value. 


mp 123-124', and N-n-butylphthalimide (XU) was prepared according 
to the procedure of Sterk et al. (5), bp 110-116'/0.12 mm. 


Compounds were tested at 20 mg/kg/day ip in male CF1 mice (-30 9). 
On Days 9 and 16, blood was collected by tail vein bleeding. Serum cho- 
lesterol was determined by the Liebermann-Burchard reaction (6). A 
separate group of mice was bled on Day 14, and their serum triglyceride 
levels were determined using a commercial kit6. 


Compounds were tested in oitro at  2.5 fimoles for their effects on the 
enzymatic activity of a 10% liver homogenate prepared in 0.25 M sucrose 
and 0.001 M (ethylenedinitri1o)tetraacetic acid at  pH 7.2. Adenosine 
triphospbate citrate-lyase activity was measured by the method of 
Hoffmann et al. (7). Acetyl-CoA synthetase activity was determined by 
the method of Goodridge (8). 


The acetyl-CoA formed from both enzymatic assays was coupled with 
hydroxylamine to produce acetyl hydroxylmate, which was measured 
a t  540 nm. Acetyl-CoA carboxylase activity was measured by a literature 
method (9), utilizing sodium i3H] bicarbonate (6.2 mCi/mmole) after 30 
min of incubation at 37' for enzyme polymerization (10). Fatty acid 
synthetase was determined by a literature method ( l l ) ,  utilizing [2'- 
14C]malonyl-CoA (37.5 mCi/mmole) incorporation into fatty acids. 


M 


RESULTS AND DISCUSSION 


Compounds that contained the phthalimide or saccharin nucleus were 
more active in lowering serum cholesterol levels after 16 days of dosing 
than the succinimide (111 and IV) derivatives or the naphthalimide de- 
rivative (VI) (Table 11). Compounds XI1 and IX afforded the best anti- 
cholesterolemic activities followed by V, VIII, 11, and VII (significant a t  
p 5 0.001). The commonly used industrial plasticizer (X) resulted in a 
loss of the analog's ability to lower serum cholesterol. 


Serum triglyceride levels also were reduced by the imide analogs after 
2 weeks of dosing. Compounds I and XI gave the best antitriglyceride 
activity followed by VII, VIII, VI, 11, IX, 111, and X (significant at p 5 


XII 8 Fisher, Hycel Triglyceride Test (1975), Hycel Inc. 
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Table 111-Zn Vitro Effects of Imide Analogs on Enzymes of 
Cholesterol and Triglyceride Synthetic Pathways in  Mice (n = 
6) 


Percent of Control, 5 i SD 
Acetyl- Acetyl-CoA 


CoA Citrate- Carboxy- Fatty Acid 
Compound Synthetase lyase lase Synthetase 


I 7 0 f 8 "  4 2 f 6 "  8 f 4 "  1 0 5 f 8  
I1 53 f 12" 34 f 4" 1 7 f 3 "  1 0 9 f 7  


111 7 4 f 6 "  3 8 f 3 '  8 7 i 7  9 8 f 9  
IV 5 8 f 6 "  3 8 f 7 "  1 0 0 4 ~ 5  8 1 f 7 b  
V 6 3 f 9 ;  6 6 f 6 '  1 0 6 f 6  8 6 f 8  


VI 88 f 5 6 0 f 5 "  5 9 f 8 "  1 0 3 f 4  
VII 6 l f 7 "  6 5 f 6 "  9 f 2 "  9 3 f 5  


VIII 7 4 f 9 "  4 7 f 8 '  1 2 f 3 =  1 0 4 f 7  
IX 57f  10" 87 f 6 b  1 8 i 4 "  1 0 7 f 7  
X 8 7 f 8 *  8 2 f 7 "  5 4 i 5 "  1 1 0 f 8  


XI 5 8 f 7 "  7 6 f 4 '  2 4 f 4 "  91 f 9  
XI1 4 4 f  11" 7 2 f 9 "  7 6 f 3 "  7 5 f 1 0 b  


cellulose, 1% 


Acetazolamide 66 f 4" 66 f 7" 1 3 f 2 "  8 2 3 ~ 6 ~  
Carboxymethyl- 100 f 5c 100 f 4d 100 f 7e 100 f 7f 


a p 5 0.001. * p -< 0.005, Student t test. 28.5 mg of acetyl-CoA formed/g of wet 
tissue/30 rnin. d 30.5 m of citrate hydrolyzdg of wet tissue/30 min. 32,010 dpm/g 
of wet tissue/30 min. ?37,656 dpm/g of wet tissueW0 min. 


0.001). These agents were not toxic a t  the doses employed, and no side 
effects were noted. 


An attempt was made to correlate the antihyperlipidemic activity with 
the ability to inhibit enzymatic activities at key biochemical sites early 
in the synthesis of cholesterol and fatty acids (Table 111). The ability to 
lower serum cholesterol levels correlated positively with the ability to 
suppress liver acetyl-CoA synthetase activity (r  = 0.86, p = 0.001, using 
the means of each test group7). The ability to suppress acetyl-CoA car- 
boxylase activity correlated positively with the lowering of serum tri- 
glycerides ( r  = 0.84, p = 0.001). The ability to inhibit citrate-lyase ac- 
tivity, although inhibited by I-IV and VIII which caused >50% inhibition, 
did not correlate with the ability to lower the serum cholesterol or tri- 
glycerides levels. The imide derivatives had no effect on fatty acid syn- 
thetase activities except in isolated cases such as IV, V, and XII. Both 
acetyl-CoA synthetase and citrate-lyase regulate the availability of 
acetyl-CoA in the cytoplasm for the synthesis of both cholesterol and fatty 
acids for the synthesis of triglycerides. Acetyl-CoA carboxylase is the 
regulatory enzyme in the synthesis of fatty acids, which subsequently are 
required in triglyceride synthesis. In this assay, the carboxylase enzyme 


7 Pearson-product-moment coefficient of correlation ( r ) ;  probability determined 
by the Student t test (12). 


must be polymerized for optimum activity (10). Highest inhibition by 
the imide compounds was observed when test compounds were added 
to the incubation medium prior to polymerization. However, significant 
inhibition was observed even if the compounds were added after poly- 
merization, e.g., I, 11, VIII, and IX caused 76,62,42, and 7090 inhibition 
of the carboxylase activity, respectively. 


These studies demonstrate pellucidly the antihyperlipidemic effects 
of imides. Compared to available standard pharmacological agents, these 
agents are potent in their ability to lower serum lipids at a relatively low 
dose with no observable deleterious side effects. These compounds offer 
unique ways to regulate lipid synthesis which have not been reported 
previously. 
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Abstract The hardness of 10 commercial compressed tablets was 
measured at  -25,0,24, and 50°. The hardness is relatively insensitive 
to temperature change within normal storage and handling temperatures. 
Consequently, no temperature control is needed in measuring tablet 
hardness. Nonconventional (sustained-release) tablets behave differ- 
ently. 


Keyphrases Tablets-determination of hardness a t  various tem- 
peratures Hardness-tablets, effects of temperature Tempera- 
ture-effect on hardness coefficient of tablets 


Carbon steel and martensitic steels have low mechanical 
strength a t  low temperatures. With the exception of tet- 


rafluoroethylene resin, plastics are embrittled at low 
temperatures (1). In the cryopulverizing process, the ma- 
terial to be comminuted has its temperature lowered so 
that it changes from a ductile to a brittle solid (2, 3). All 
materials are not embrittled by chilling; copper, aluminum, 
nickel, and most solid-solution alloys of these metals are 
strong a t  low temperatures. 


In pharmaceutics, the brittleness or resistance to 
crushing is known as hardness, which is defined as the 
compression force that, when applied diametrically, just 
causes the tablet to fracture. Although no official standards 
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compared as a function of substrate concentration (Fig. 5). The activity 
of bound enzyme was determined by mixing with the substrate solution 
for 30 sec, using a mechanical mixer, and measuring the absorbance of 
the supernate after standing for 10 sec. The maximum velocity of the 
immobilized enzyme was slightly lower than that of the free enzyme, but 
the Km values were similar. These properties did not vary on adsorption 
for 1 week. Hence, the surfaces of silicone-coated glass may be useful as 
a support for the enzymes to be immobilized, but the surfaces of non- 
coated glass are not appropriate for this purpose (3). 


With the noncoated glass in the column, the top portion of the glass 
turned milky white after albumin solution was applied whereas no color 
change was observed when coated glass was used. Albumin might have 
precipitated on the noncaated glass but was well adsorbed onto the coated 
glass. The difference in the adsorption forces between amine-silanol ionic 
bonding and hydrophobic interaction might have caused this differ- 
ence. 


Adsorption on Synthetic Polymers-Synthetic polymers such as 
polyethylene and polyethylmethacrylate are useful for pharmaceutical 
containers. However, polyethylene was shown to adsorb 155 mg of human 
serum albumin/100 m2 of polyethylene surface (16). Hemoglobin also is 
adsorbed onto polyethylene (17). Polyethylmethacrylate and polyhy- 
droxyethylmethacrylate adsorb plasma proteins such as hemoglobin, 
albumin, fibrinogen, and y-globulin (18). Polystyrene adsorbs human 
serum albumin, ribonuclease, and muscle proteins (19,20), The reported 
amounts of proteins adsorbed onto synthetic polymers are comparable 
to those adsorbed onto coated and noncoated glass, although the mech- 
anisms of protein adsorption onto synthetic polymers and glass must be 
different. 


Pharmaceutical preparations composed of proteins such as hormones 
and vaccines adsorb onto the surfaces of their containers. This adsorption 
is particularly significant a t  low protein concentrations since at  least 7 
pg of protein is adsorbed by the surface of a 20-ml glass container. Thus, 
it is important to compensate for this adsorption when dispensing low 
doses of such substances. 
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Abstract 0 Studies directed at the synthesis of tetracycline ring A an- 
alogs are described. 4-Carbethoxycyclohexane-1,3-dione was converted 
to the ethyl urethan dispiro[l,3-dioxolane-2,2’-cyclohexane-4’,2”(1,3)- 
dioxolanel-1’-carbamic acid ethyl ester via the dispiro[l,3-dioxolane- 
2,2‘-cyclohexane-4’,2”(1,3)-dioxolane]-l’-carboxylic acid hydrazide. An 
improved synthesis of another cyclohexenone from methyl vinyl ketone 
and ethyl nitroacetate is reported. Reaction of N-(3-hydroxy-l-oxo-2- 
cyclohexen-4-y1)benzamide with a-chloroacetyl isocyanate afforded a 


4(5H)-oxazolone derivative, as did the identical reaction on 5,5-di- 
methyl-l,3-cyclohexanedione (dimedone). This reaction provides a novel 
approach to these oxazolones with potential therapeutic importance. 
Other ring A analogs were synthesized also. 


Keyphrases Tetracycline-synthesis of ring A analogs 0 4(5H)- 
Oxazolones-tetracycline ring A analogs, synthesis Analogs-tetra- 
cycline ring A analogs, synthesis 


Following a study of the mechanism of the polarographic 
reduction of tetracycline compounds (l), the need arose 
for simpler analogs encompassing some or all structural 
features of ring A of the tetracyclines. A literature search, 
followed by some preliminary attempts at duplicating one 
synthetic approach, revealed that a ready access to these 
compounds had not been published. 


Smissman et al. (2) attempted, without success, to 
prepare ring A analogs by cyclizing appropriate alicyclic 
molecules. Muxfeldt et al. (3) prepared several ring A 


analogs by the condensation of unsaturated oxazolones 
with active methylene compounds. Compound I was ob- 
tained, which could be hydrolyzed and decarboxylated to 
give 11. Alternatively, treatment of I with Meerwein’s re- 
agent afforded I11 (Scheme I). 


A different approach was reported (4,5) for preparing 
ring A analogs, involving catalytic hydrogenation of sub- 
stituted resorcinols to yield the corresponding 1,3-cyclo- 
hexanedione derivatives. All efforts a t  duplicating this 
synthesis were unsuccessful. Several reported approaches 
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lead to two-ring compounds that include some features of 
the B as well as the A ring of the tetracyclines (6,7). 


This paper reports the results from studies directed at 
synthesizing some ring A analogs of the tetracyclines. 


RESULTS AND DISCUSSION 


The initial synthetic approach to the ring A analogs started with the 
previously reported 4-carbethoxycyclohexane-1,3-dione (V) (8). This 
compound was prepared by cyclization of the keto ester (IV), using so- 
dium hydride in anhydrous benzene to effect the cyclization. Spencer et 
al. (8) employed sodium ethoxide in ethanol as the cyclizing agent and 
obtained variable yields. The enol ether (VI) often was isolated as the 
major product, arising presumably from the further reaction of ethoxide 
ion on the cyclized product. An interesting feature of the Nh4R spectrum 
of V was the two overlapping trip1et-q-t ethyl systems separated by 
d <0.1. This observation is consistent with proton tautomerism as de- 
picted in Scheme 11. 


Ketalization of V was carried out in the usual manner in ethylene glycol 
and benzene with a catalytic amount of p-toluenesulfonic acid to give 
VII. crude VII was used without further pdicat ion and was treated with 
hydrazine hydrate to form the hydrazide derivative (WI). The hydrazide 
was converted to the ethyl urethan (IX) en route to its conversion to the 
amine. Difficulty was encountered with the attempted hydrolysis of the 
urethan; invariably, the 8-dicarbonyl system was destroyed under the 
conditions necessary to effect hydrolysis. Since an alternative entry to 
the amino group seemed promising, further attempts at hydrolysis of the 
urethan were discontinued. 
In the alternative route, the amino function was introduced at C-4 by 


catalytic hydrogenation of the intermediate nitro compound, affording 
the key intermediate (XIV) (Scheme 111). Ethyl nitroacetate (XI) was 
prepared by the method of Rodionov et al. (9). Addition of this active 
methylene compound to the activated double bond in methyl vinyl ketone 
(X) was accomplished in good yield using tributyl phosphine as the cat- 


w m M 
Scheme II  


X XI XI1 XI11 
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XXI xx X M  XVIII 
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XXII 
Scheme III 


alyst. Protection of the carbonyl group by ketal formation was followed 
by reduction with 10% palladium-on-charcoal a t  1000-1500 psi. The 
amine (XIV) could be reductively alkylated in excellent yield by treat- 
ment with excess formaldehyde and hydrogen at 40 psi using the same 
catalyst. The ketal protective group was removed in the usual manner 
by acid hydrolysis, and the compound was characterized as ketone 
xv. 


When cyclization of XV was attempted with sodium hydride in an- 
hydrous benzene, an amorphous precipitate was obtained after 10 hr of 
refluxing. This precipitate was the sodium salt of 3-hydroxy-4-dimeth- 
ylamino-2-cyclohexen-1-one (XVI). Attempts to isolate the free acid by 
adding dilute hydrochloric acid, adjusting the pH to 8-9, and extracting 
with ether failed. At this point, the aqueous solution was made acidic (pH 
2) and evaporated to dryneas in uacuo. The reaultant mass was extracted 
with absolute ethanol and, after workup, afforded XVII. 


The problems encountered in attempting to isolate the free acid of XVI 
appeared to be associated with its amphoteric nature. Therefore, another 
approach was tried involving conversion of the basic amino moiety to a 
neutral species, followed by cyclization and subsequent removal of the 
protective group. The benzoylamino group was chosen since conditions 
for its hydrolysis have been well documented (10-12). The amino ketal 
ester (XIV) was converted to the benzoylamino derivative (XVIII) by 
treatment with benzoyl chloride. Acid hydrolysis at room temperature 
afforded XIX. Crude XIX was cyclized to XX with sodium hydride in 
anhydrous benzene. Compound XX had been prepared previously by 
another synthetic route (4). 


Attempted removal of the benzoyl protective group by the procedure 
described by Muxfeldt et al. (13) gave XXI. The isolation of this O-al- 
kylated product was in agreement with experiments conducted by 
Durckheimer (14), who employed the same reagent to effect etherification 
at  position 1 (or 3) of some tetracyclines. Since all compounds studied 
by Muxfeldt et al. (13) contained a substituent at C-2, further attempts 
at removing the protective group were postponed until a substituent could 
be introduced at  C-2. 


Carboxamidation experiments with potassium cyanate failed to yield 
any products capable of being isolated. Since acetyl isocyanate is difficult 
to prepare, it was decided to try the more readily accessible a-chloroacetyl 
isocyanate (15). Initial experiments with the sodium enolate of 5,5- 
dimethyl-l,3-cyclohexanedione (dimedone) (XXIII) (Scheme IV) gave 
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the unexpected product XXIV. Compound XXIV exhibited UV behavior 
that was characteristic of enolic P-diketones. In basic solution, a batho- 
chromic shift and a hyperchromic (16) effect were observed, which could 
be reverted by neutralization with acids. This compound contained the 
4(5H)-oxazolone system, the spectral properties of which were reported 
previously (17). This reaction represents a novel approach to the synthesis 
of 4(5H)-oxazolones, which potentially are of therapeutic importance. 
Interest in this class of compounds has grown recently, particularly in 
the 2-amino derivatives; they have found use as tranquilizers, antide- 
pressants, memory aids, and appetite suppressants (18). The antibiotic 
indolmycin contains the 4(5H)-oxazolone system (19). 


Since the 4(5H)-oxazolone ring system in XXIV is strained (carbonyl 
absorption is at 1770 cm-'), it was thought that it might collapse under 
rather mild conditions. Hence, treatment of XXIV with saturated am- 
monia in methanol at room temperature gave what appeared to be XXV. 
The high-resolution mass spectrum was consistent with this structure. 
The only perplexing feature preventing a conclusive structural assign- 
ment was the four-proton methylene singlet at 6 2.4 in the NMR spec- 
trum. There was no evidence of any resolution in deuteroacetic acid, 
deuterochloroform, deuteropyridine, or deuterotrifluoroacetic acid. When 
a-chloroacetyl isocyanate was allowed to react with XX, the 4(5H)- 
oxazolone (XXII) was obtained. 


EXPERIMENTAL' 


Melting points2 and boiling points are uncorrected. IR spectra3 were 
recorded as thin films or as potassium bromide disks. UV spectra4 were 
taken as solutions in ethanol. NMR spectra5 were taken in deuterated 
solvents from commercial sources with tetramethylsilane as the internal 
standard. Mass spectra6 were determined using the direct-probe tech- 
nique. 


Dispiro[ 1,3-dioxolane-2,2'-cyclohexane-4',2"( 1,3) -dioxolane] - 
1'-carboxylic Acid Ethyl Ester (VI1)-A stirred mixture of V (18.5 
g, 0.1 mole), benzene (250 ml), ethylene glycol (100 g, 1.6 moles), and 
p-toluenesulfonic acid (0.5 g) was heated to reflux for 2 days in a 
round-bottom flask fitted with a Dean-Stark water separator. The 
benzene layer was separated, and the glycol layer was extracted with ether 
(3 X 40 ml). The benzene and ether extracts were combined and washed 
with 10% sodium carbonate followed by water. The organic layer was 
dried and evaporated to dryness under reduced pressure (20.3 g, 74%). 
An analytical sample was obtained through TLC [benzene-ethanol(gl), 
silica gel]; n g 4  1.4826; IR (neat): 2980,2790,1730 (ester carbonyl), 1450, 
1370,1180,1080,1030,950, and 825 cm-l; NMR (CDC13): 6 1.30 (t, 3H, 
J = 6-7 Hz, OCHZCH~), 1.5-3.1 (m, 7H, cyclohexane ring protons), and 
4.0-4.4 [m, 10H, OCHzCH3 and ~(OCHZCH~O)]. 


Anal.-Calc. for C13HzoO6: C, 57.34; H, 7.40. Found: C, 57.77; H, 
7.46. 


Dispiro[ 1,3-dioxolane-2,2'-cyclohexane-4'2"( 1,3)-dioxolane]-l'- 
carboxylic Acid Hydrazide (VII1)-Hydrazine hydrate (40 ml, 0.6 
mole) in anhydrous ethanol (20 ml) was stirred magnetically and heated 
to reflux. The diketal ester (VII) (27.2 g, 0.1 mole) in anhydrous ethanol 
(20 ml) was added dropwise over 0.5 hr. The solution was refluxed for 30 
hr, the ethanol was removed at  reduced pressure, and the remaining so- 
lution was evaporated to dryness in uacuo. The residual oil was dried in 


Microanalyses were performed by the Microanalytical Laboratory, Chemistry 
Department, University of Alberta. * Thomas-Hoover capillary apparatus. 


3 Unicam SPlOOO or Perkin-Elmer model 267 grating IR spectrophotometer. 
4 Unicam SP1800 UV spectrophotometer. 


Varian A-60 or EM-360 60-MHz spectrometer. 
AEI MS-12 or MS-50 mass spectrometer. 


a vacuum desiccator for 2 days and then triturated with anhydrous eth- 
anol to give 25 g of the crude product. 


Recrystallization from ethanol afforded VIII, mp 115-116O; IFt (KBr): 
3400, 3300, 3200 (N-H), 1670 (amide carbonyl), 1510 (N-H binding), 
1370, 1210, 1150,1090, 1070, 1060,1040,950, 830,800, and 740 cm-l; 
NMR (CDC13): 6 1.6-2.2 (m, 6H, 3CH2), 2.52 [t, lH, J = 6 Hz, 
O=C(NHNH2)CH], 3.68 (broads, 2H, O=CNHNH2), 3.93 [d, 8H, J = 
3 Hz, ~(OCH~CHZO)], and 7.64 (broad s, lH, O=CNHNH2); mass 
spectrum: parent ion m/z 258.1214 (53.8%) (calc. for C11HlaN03: 
258.1211),259 (7.2), 199 (13.7), 172 (26.1), 141 (50.8), 113 (49.1), 99 (98.7), 
87 (63.4),86 (45.8), 69 (26.1), and 55 (100). 


Dispiro[ 1,3-dioxolane-2,2'-cyclohexane-4',2"( 1,3)-dioxolane]- 
1'-carbamic Acid Ethyl Ester (1X)-The hydrazide (VIII) (2.2 g, 8.5 
mmoles), dissolved in 6 N HCl(3 ml), 5% acetic acid (5 ml), and ether (25 
ml), was chilled to 0-5' and stirred magnetically. A solution of sodium 
nitrite (0.6 g in 1 ml of water, 8.5 mmoles) then was added at  such a rate 
that the temperature did not rise above 10'. After addition was complete, 
the ether layer was separated and the aqueous solution was extracted four 
times with ether. The combined extract was washed twice with a satu- 
rated sodium bicarbonate solution and twice with water, dried, and fil- 
tered. To the filtrate was added an excess of anhydrous ethanol. The ether 
was removed by distillation, and the resultant ethanolic solution was 
refluxed for 4 hr. 


The ethanol was evaporated under reduced pressure, and the viscous 
liquid residue solidified on cooling (1.85 g, 75%). Recrystallization from 
chloroform afforded IX, mp 124'; IR (KBR): 3340 (N-H stretching), 
2980,2790,1720 (urethan carbonyl), 1545,1330,1250,1150,1080,1060, 
1030, 950, and 830 cm-'; NMR (CDC13): 6 1.26 (t, 3H, J = 7 Hz, 
OCHZCH~), 3.7-4.3 [m, 10H, 2(OCHzCHz0) and OCHZCH~], and 4.8 
[broad s, lH, NH(COzC2H5)I; mass spectrum: m/z 288 (0.6%), 287 (LEI), 
201 (63.9), 187 (14.11, 173 (26.4), 159 (27.2), 157 (73.3), 100 (29.2), 99 
(54.1),87 (70.7), 86 (loo), 73 (33.5),57 (31.7), and 55 (27.7). 


Anal.-Calc. for C13H21N06: C, 54.34; H, 7.36; N, 4.81. Found: C, 53.99; 
H, 7.28; N, 4.92. 


2-Nitro-5-oxohexanoic Acid Ethyl Ester (XU)-To a stirred so- 
lution of ethyl nitroacetate (XI) (13.3 g, 0.1 mole) and methyl vinyl ketone 
(X) (7 g, 0.1 mole) in tetrahydrofuran (50 ml) at  room temperature was 
added dropwise a catalytic amount of tributyl phosphine. The heat 
evolved was sufficient to bring the solution to a gentle reflux. After the 
solution had returned to room temperature (-2 hr), methyl iodide was 
added to remove the phosphine. Direct distillation yielded XI1 (16 g, 
78%), bp 134-138'/3.5 mm; ngz 1.4473; IR (neat): 2980,2960,2940,2910, 
2870,1750,1720,1560 (nitro stretching), 1370,1260,1170,1020, and 860 
cm-'; NMR (CDC13): 6 1.28 (t, 3H, J = 7 Hz, OCH2CH3), 2.14 (s,3H, 
COCHs), 4.25 (q, 2H, J = 7 Hz, OCH&H3), and 5.26 [t, lH,  CH(NO2)- 
COzCzHsl. 


Anal.-Calc. for Ca13NO5: C, 47.28; H, 6.44; N, 6.89. Found C, 47.23; 
H, 6.40; N, 6.81. 
2-Methyl-2-(a-nitrobutanoic acid)-l,3-dioxolane Ethyl Ester 


(XII1)-A stirred mixture of XI1 (15 g, 74 mmoles) in benzene (160 ml), 
ethylene glycol (100 ml), and p-toluenesulfonic acid (0.5 g) was heated 
to reflux under a Dean-Stark trap for 24 hr. The mixture was extracted 
with ether (3 X 80 ml) and washed once with 10% sodium bicarbonate and 
once with water. The ether was dried, filtered, and evaporated in uacuo. 
The resulting liquid was slowly and carefully vacuum distilled to yield 
a pale-yellow liquid (12 g, 68%), bp 112-116O12 mm; nFo 1.4547; IR (neat): 
2980, 2960, 2930, 2880, 1750, 1560 (nitro stretching), 1450,1375,1260, 
1060,1040,950, and 860 cm-'; NMR (CDCl3): 6 1.33 (t, 6H, J = 7 Hz, 
terminal methyl and OCHzCHs), 3.96 (8, 4H, OCHZCH~O), 4.3 (q, 2H, 
OCHZCH~), and 5.28 [t, lH,  J = 7 Hz, CH(NO&OzCzH5]; mass spec- 
trum (M?- CH3): 232.0820 (14.9%) (calc. for C10H17N06 - CH3: 
232.0820), 99 (14.8), 87 (loo), and 86 (24.3). 


Anal.-Calc. for Cla17N06: C, 48.58; H, 6.93; N, 5.67. Found C, 49.64; 
H, 7.10; N, 5.78. 


2-(a-Aminobutanoic acid)-2-methyl-1,3-dioxolane Ethyl Ester 
(X1V)-Compound XI11 (20.3 g, 85 mmoles) was mixed with 5 g of 10% 
palladium-on-charcoal in 95% ethanol (150 ml). Hydrogenation was 
carried out under 1500 psi at 50' for 10 hr. The catalyst was filtered, and 
the solvent was removed by evaporation. The liquid residue was dissolved 
in benzene, dried, and finally evaporated to give an oily liquid (17 g, 93%), 
which solidified on standing after a few days at  room temperature. An 
analytic sample had a melting point of 212-214' dec.; IR (KBr): 3200, 
3080,3030 (N-H stretching), 2980,2880,1670,1450,1380, 1330,1250, 
1220,1140,1065,1050,950, and 870 cm-'; NMR (CDC13): 6 1.0-1.5 (m, 
6H, terminal methyl and OCH2CH3), 2.25 [s, 2H, CH(NH2)COzCzH5], 
3.90 (s,4H, OCHzCHzO), and 4.17 (q,2H, J = 7 Hz, OCH2CH3). 


Anal.-Calc. for C10H19NO4: C, 55.28; H, 8.81; N, 6.44. Found: C, 55.27; 
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H, 8.80; N, 6.32. 
2-Dimethylamino-5-oxohexanoic Acid Ethyl Ester (XV)-Com- 


pound XIV (2.17 g, 10 mmoles) in 95% ethanol (60 ml) was hydrogenated 
at 40 psi over 10% palladium-on-charcoal with an excess of formaldehyde 
(37% solution) for 5 hr. The catalyst was filtered, and the solution was 
evaporated under reduced pressure. The residue was hydrolyzed with 
10% HCl(l2 ml) for 6 hr at room temperature. The resulting solution was 
made alkaline with dilute potassium hydroxide and extracted three times 
with hot chloroform. The combined extracts were washed once with water 
and dried. Evaporation under reduced pressure gave 1.5 g (75% overall 
yield) of the desired compound in a fairly pure state as evidenced by TLC 
[methanol-chloroform (1:9), silica gel]; IR (neat): 2950,2930,2860,2820, 
2780, 1730-1710 (strong, keto and ester carbonyl groups), 1450, 1360, 
1170, 1160, and 1030 cm-'; NMR (CDCl3): 6 1.28 (t, 3H, J = 7 Hz, 


7 Hz, CHN(CH&], and 4.15 (q,2H, J = 7 Hz, OCH2CH3). 
Anal.-calc. for C10H19N03: C, 59.68; H, 9.51. Found: C, 60.10; H, 


9.66. 
3-Ethoxy-6-dimethylamino-2-cyclohexen-l-one (XVI1)-Sodium 


hydride (288 mg, 50% suspension in oil, 2 equivalents) in benzene (15 ml) 
was stirred under dry nitrogen and heated to 40'. The dimethylamino 
keto ester (XV) (603 mg) then was added dropwise. After addition was 
complete, the mixture was refluxed for 10 hr. The solid was collected by 
filtration and washed with benzene. It then was dissolved in water, and 
the solution was acidified with 2 N HC1. The resultant solution was 
evaporated to dryness in UQCUO. The solid mass was extracted with eth- 
anol, and the solvent was removed by evaporation. 


The salt obtained was dissolved in water and made alkaline with dilute 
sodium bicarbonate solution. The resultant solution was extracted three 
times with chloroform. Evaporation of the solvent under reduced pressure 
gave a liquid, which was purified by TLC [chloroform-methanol (3:1), 
silica gel]; IR (neat): 2980, 2930, 2860, 2820, 2780 (dimethylamino 
stretching), 1650 (conjugated carbonyl), 1600 (double bond conjugated 
with carbonyl), 1375,1235,1200,1170,1035,1020,900,850,810, and 690 
cm-'; NMR (CDC13): 6 1.33 (t, 3H, J = 7 Hz, OCHZCH~), 2.40 [s, 6H, 
N(CH&], 3.85 (9, 2H, J = 7 Hz, OCHZCH~), and 5.28 (s, lH, olefinic 
proton); mass spectrum: parent ion m/z 183.1255 (3.1%) (calc. for 
C10H17N02: 183.1255), 140 (32.6), 112 (6.0), 84 (11.3), and 71 (100). 
2-(a-Benzoylaminobutanoic acid)-2-methyl-l,3-dioxolane Ethyl 


Ester (XVII1)-To a stirred solution of XIV (17 g, 80 mmoles) in pyri- 
dine (20 ml) and benzene (40 ml) was added dropwise benzoyl chloride 
(11.5 g, 80 mmoles) in benzene (5 ml). The resulting mixture was heated 
to gentle reflux for 30 min and poured into 200 ml of water. The benzene 
layer was separated, and the aqueous solution was extracted twice with 
benzene. The combined benzene extracts were washed with water and 
with 5% sodium carbonate solution and dried (anhydrous sodium sulfate). 
The drying agent was removed by filtration, and the benzene was evap- 
orated to a small volume (10 ml). 


Hexane (40 ml) was stirred into the mixture, and the benzoyl derivative 
crystallized out on standing (13 g, 50.7%). Recrystallization from benzene 
and pentane gave a white solid, mp 87-88'; IR (KBr): 3340 (amide NH), 
3060 (aromatic C-H), 2970,2880,1740 (ester C=O), 1640 (amide C=O), 
1510,1490,1370,1210,1190,1060,950,860,720, and 690 cm-'; NMR 


4.22 (4, 2H, J = 7 Hz, OCHZCH~), 4.75 (t, lH, J = 6.5 Hz, CH), and 
7.0-8.0 (m, 6H, C6H5 and NHCO). 


Anal.-Calc. for C17H23N05: C, 63.53; H, 7.21; N, 4.36. Found C, 63.35; 
H, 7.27; N, 4.38. 
2-Benzoylamino-5-oxohexanoic Acid Ethyl Ester (XIX)-Com- 


pound XIX was obtained in quantitative yield from XVIII by hydrolysis 
in dilute hydrochloric acid at room temperature for several hours; NMR 


(q,2H, J = 7 Hz, OCH2CH3), 4.76 (t, lH, J = 6.5 Hz, CH), and 7.0-8.0 
(m, 6H, C6H6 and NHCO). 
N-(3-Hydroxy-l-oxo-2-cyclohexen-4-yl)benzamide (XX)-To 


a stirred mixture of sodium hydride (2.4 g, 50% suspension in oil, 50 
mmoles) in dry benzene (150 ml) under nitrogen was added dropwise a 
solution of XIX (7 g, 25 mmoles) in benzene (20 ml). The mixture was 
kept at 5C60' for 1 hr and brought to a gentle reflux for 5 hr. The solvent 
was filtered, and the solid obtained was dissolved in water (150 ml) and 
acidified with dilute hydrochloric acid. The solution was filtered, and the 
precipitate was collected. The filtrate was extracted twice with acetoni- 
trile, dried, and evaporated in UQCUO. The solid obtained was combined 
with that obtained from filtration. 


Recrystallization from acetone gave a white solid, mp 175-177" dec. 
[lit. (3) mp 175-177'1; IR (KBr): 3300 (amide NH), 3060 (aromatic CH), 
2920, 2880, 2700-2500 (broad, associated OH), 1630-1590,1540-1520, 


OCHZCH~), 2.13 (8,3H, COCH3), 2.30 [s, 6H, N(CH&], 3.10 [t, lH, J = 


(CDCl3): 6 1.30 (t, 3H, J = 6.5 Hz, OCHZCH~), 3.92 (s,4H, OCH~CHZO), 


(CDC13): 6 1.27 (t, 3H, J = 7 Hz, OCHZCH~), 2.12 (5,3H, COCH3), 4.20 


1340, 1330, 1260, 1200, 920, 840, 710, and 700 cm-'; NMR (dimethyl 
sulfoxide-d6): 6 4.65 [t, lH, J = 7 Hz, CH(NHCOC&)], 5.3 [s, lH, 
CH=C(OH)], 7.00-8.00 (m, 6H, C6H5 and NHCO), and 8.36 [m, lH, 
CH=C(OH)]; mass spectrum: m/z 231 (16.7%), 203 (98), 185 (7.6), 175 
(3.5), 122 (95), 105 (loo), and 77 (99); metastable ions were at  178.5,150.9, 
168.5, and 73.3. 


Anal.-Calc. for C&13N03: C, 67.53; H, 5.66; N, 6.05. Found: C, 67.58; 
H, 5.79; N, 5.80. 
N-(3-Ethoxy-l-oxo-2-cyclohexen-6-yl)benzamide (XX1)- 


Compound XX (378 mg, 1.6 mmoles) and N,N,N',N'-tetramethyl- 
1,8-na~hthalenediamine~ (428 mg, 2 mmoles) were stirred in anhydrous 
methylene chloride (10 ml) under a dry nitrogen atmosphere. To the clear 
solution was added triethyloxonium tetrafluoroborate (1.52 g, 8 mmoles) 
in methylene chloride (10 ml). After 4 hr of stirring, 20 ml of anhydrous 
methanol was added, and stirring was continued for 10 hr more. The 
solvent was evaporated in UQCUO, and the brown oil obtained was dis- 
solved in ethyl acetate and stirred with an aqueous solution of sodium 
acetate for 3 hr. The organic layer was separated, and the aqueous portion 
was extracted twice with ethyl acetate. The combined organic extracts 
were washed with brine. 


Evaporation of the solvent in U ~ C U O  gave a viscous brown oil (165 mg, 
39.8%); IR (neat): 3300 (broad), 3060,2970,2930,1715,1640 (broad, in- 
tense), 1600 (intense), 1575,1540,1530,1485,1380,1330,1230,1200,1100, 
1035,980,920,710, and 690 cm-l; NMR (CDCl3): 6 1.20 (t, 3H, J = 7 Hz, 
OCH2CH3), 3.50 (q, 2H, J = 7 Hz, OCHZCH~), 4.50 [m, lH, 
CH(NHCOC6&,)], 5.45 [s, IH, CH=C(OC2H5)], and 7.00-8.00 (m, 6H, 
C6H5 and NHCO); mass spectrum: parent ion m/z 259.1199 (2.1%) (cdc. 
for C15H17N03: 259.1204), 245 (2.1), 203 (3.2), 154 (3.7), 138 (19.8), 112 
(3.2), 106 (6.5), 105 (loo), 98 (20.6), 97 (3.6), 84 (2.5),77 (72.7), and 68 
(34.6). 


a-Chloroacetyl Isocyanate-This compound was prepared by the 
method of Speziale and Smith (15) and was further characterized as its 
ethyl urethan, CICH~CONHCOZC~H~, mp 127.5-128'. 


Anal.-Calc. for CasClN03: C, 36.27; H, 4.87; N, 8.46. Found C, 36.18; 
H, 4.80; N, 8.31. 
2-(4-Benzoylamino-3-hydroxy- l-oxo-2-cyclohexen-2-yl)-4(5~- 


oxazolone (XXI1)-Compound XX (462 mg, 2 mmoles) was stirred for 
1 hr with a 2 N ethanolic solution of sodium ethoxide (1 ml, 2 mmoles). 
The ethanol was evaporated in uacuo, and the resulting sodium enolate 
of XX was dried in UQCUO overnight. To the dried sodium enolate in ac- 
etonitrile (15 ml) under a dry nitrogen atmosphere was added a-chloro- 
acetyl isocyanate (480 mg, 4 mmoles) from a syringe. The mixture was 
stirred for 1 hr a t  room temperature and then refluxed for 8 hr. Water 
(5 ml) was added, and the mixture was acidified to pH 2 with dilute hy- 
drochloric acid and extracted with ethyl acetate-acetonitrile (1:2). The 
combined extracts were washed with brine, dried (anhydrous sodium 
sulfate), and evaporated in uacuo. 


After evaporation, the brown liquid residue was triturated with chlo- 
roform to give 305 mg (48.5%) of XXII; IR (KBr): 3300 (medium), 3060, 
2960, 2900, 1790 (intense), 1680 (intense), 1625 (broad, intense), 1600 
(strong), 1580,1520 (broad, intense), 1440,1400,1350,1305 (strong), 1205, 
1100, 1060,1045,985,960,940,860,815,800,765,715, and 680 cm-'; 
NMR (dimethyl SdfOXide-d& 6 5.00 (s,2H, CHz), 7.00-8.00 (m, 6H, cd-I5 
and NHCO), and 8.60 (m, lH,  OH); mass spectrum: parent ion m/z 
314.0908 (13.1%) (calc. for C&1&05: 314.0902), 315 (M + 1) (2.7), 209 
(15.8), 194 (5.3), 193 (53.4), 181 (8.9), 167 (5.3), 161 (5.1), 154 (3.2), 151 
(4.9), 149 (10.7), 126 (10.4), 125 (3.5), 123 (0.8), 122 (5.0), 106 (8.21, 105 
(loo), 84 (5.3), 77 (47.8), 68 (5.8), and 67 (4.5). 
2-(3-Hydroxy-5,5-dimethyl- 1 -oxo-2-cyclohexen-2-yl)-4(5H)- 


oxazolone (XX1V)-A solution of dimedone sodium enolate (XXIII) 
(1.4 g, 10 mmoles) and a-chloroacetyl isocyanate (2.4 g, 20 mmoles) in 
acetonitrile (30 ml) was refluxed for 6 hr. The solution was acidified with 
acetic acid (1 ml) and evaporated in uacuo. The residue was stirred with 
water (10 ml) and acidified with dilute hydrochloric acid until distinctly 
acidic. The acid solution was extracted with ethyl acetate (2 X 40 ml), 
washed with saturated sodium chloride solution (30 ml), dried, filtered, 
and evaporated under reduced pressure. The residue was triturated with 
petroleum ether to give a solid precipitate (1.6 g, 73%). 


Recrystallization from acetone afforded a yellow, puff-like solid, mp 
227-229'; U V  A,,, (ethanol) 236 (log t 3.95) and 290 (4.14) nm; A,,, 
(ethanol-sodium hydroxide) 258 (4.04) and 308 (4.22) nm; IR (KBr): 3140, 
2950,1770,1670,1600,1515,1430,1320,1200,1060,980,820,750,680, 
and 620 cm-'; NMR (CDC13): 6 1.08 (s,6H, gem-dimethyl groups), 2.48 
(d, 4H, J = 8 Hz, methylene groups), 4.85 (s, 2H, CHz), and 12.5 (8 ,  lH, 
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OH); mass spectrum: parent ion m/r 223.0849 (63.7%) (calc. for 


126 (45.0), 111 (loo), 83 (61.8), and 67 (23.0). 
3-Amino-5,5-dimethyl- 1 -oxo-2-cyclohexene - 2 - carboxamide 


(XXV)-Compound XXIV (223 mg, 1 mmole) was dissolved in 5 ml of 
saturated ammoniacal methanol. After standing at room temperature 
for 24 hr, the solvent was evaporated in uacuo. The residue was dissolved 
in acetone, from which colorless crystals appeared (115 mg, 63%), mp 
188-189O dec.; UV A, (ethanol) 260 (log t 64.6) nm; IR (KBr): 3400, 
3300, 3200, 3140, 2950, 2930,2860, 1630 (intense), 1600-1580 (broad, 
intense), 1470,1390,1385,1380,1370,1330,1280,1080,760, and 635 cm-l; 
NMR (CD3COCD3): 6 1.04 (a, 6H, gem-dimethyl groups), 2.40 (a, 4H, 
methylene groups), 3.07 (a, 2H, NHz), 6.77 (broad a, lH,  CONH), and 
10.57 (broad a, lH, CONH); mass spectrum: parent ion m/z 182.1049 
(100%) (calc. for C9H14N202: 182.1054), 183 (M + 1) (10.4), 167 (8.3), 154 
(17.4), 139 (6.3), 126 (32.0), 113 (13.2),98 (17.6), 85 (93.9), 84 (71.7), 71 
(8.4), 70 (27.5), 68 (26.0), 57 (10.4), 56 (17.2), and 55 (21.7). 


C11HlsNOr: 223.0843), 224 (M + 1) (9.8), 195 (6.4), 167 (33.5), 139 (7.4), 
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Abstract 0 A graphite furnace atomic absorption spectrophotometric 
assay, capable of accurately determining nanogram amounts of platinum 
in serum and ultrdiltrate, was developed. A sample serum or ultrafiltrate 
was acidified with nitric acid and heated to destroy the protein-platinum 
bond. A measured excess of ammonium 1-pyrrolidinedithiocarbamate 
was added, and the platinum complex was extracted into isopropylace- 
tone. The extract was injected into the graphite furnace. The sample was 
dried, charred, and atomized using optimal conditions. The resulting 
absorbance was used to determine the platinum content. 


Keyphrases 0 Platinum-determination in serum and ultrafiltrate, 
flameless atomic absorption spectrophotometry Atomic absorption 
spectrophotometry, flameless-determination of platinum in serum and 
ultrafiltrate Analytical techniques-determination of platinum in 
serum and ultrafiltrate by flameless atomic absorption spectrophotom- 
etW 


A procedure to determine platinum levels in serums and 
ultrafiltrates of patients receiving cis-diamminedichlo- 
roplatinum(I1)’ [PtC12(NH&] was investigated. Plati- 


1 Platinol. 


num levels were monitored during a course of treatment 
using both serum and ultrafiltrate samples. 


BACKGROUND 


Several analytical techniques to determine platinum in biological 
samples have been reported, such as neutron activation analysis (l), X-ray 
fluorescence (2), radioisotope dilution (3), flameless atomic absorption 
spectrophotometry (4-7), and high-performance liquid chromatography 
(8). Atomic absorption spectrophotometry has facilitated the determi- 
nation of minute concentrations of metals in biological fluids. Flameless 
atomic absorption spectrophotometry was chosen for this study. 


Previous procedures for platinum estimation in biological fluids using 
this technique involved wet-ashing with nitric acid-perchloric acid for 
sample preparation prior to injection into the graphite furnace. In the 
present study, two parameters had to be considered, the limited volume 
of each serum sample and ultrafiltrate and the number of samples to be 
assayed for platinum content. Wet-ashing was not suitable for the present 
study. Attempts to determine platinum levels in serum and ultrafiltrate 
by direct injection into the graphite furnace with no prior sample treat- 
ment were unsuccessful. The results obtained by direct injection were 
highly variable due to sample splatter within the graphite furnace and 
onto the quartz end-windows during charring. 


The present report describes a technique that involves the formation 
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Abstract 0 The following methods for producing renal dysfunction in 
rats were compared: single-step 5/6th nephrectomy, two-step 5/6th ne- 
phrectomy, bilateral ureteral ligation, and uranyl nitrate injection. 
Control groups consisted of single- and two-step sham-operated animals 
and animals that received an injection of normal saline solution. The 
methods were evaluated on the basis of the following criteria, which were 
assessed daily for 6 days: survival, body weight, hematocrit, serum cre- 
atinine concentration, serum urea nitrogen concentration, serum glutamic 
pyruvic transaminase activity, serum albumin concentration, and serum 
protein binding of salicylate (determined every other day). Animals with 
bilateral ureteral ligation survived only 2 days, and single-step 5/6th ne- 
phrectomy caused a high incidence of fatalities. Some of the methods were 
associated with the development of hypoalbuminemia, but no significant 
elevation of transaminase activity occurred. Serum protein binding of 
salicylate was reduced in rats with renal dysfunction. A strong positive 
correlation between the creatinine and urea nitrogen concentrations in 
the serum of animals with renal dysfunction ( r  = 0.91, p < 0.001) and a 
negative correlation between the serum albumin concentration and sa- 
licylate free fraction ( r  = -0.71, p < 0.001) were found. Uranyl nitrate 
injection has the advantages of technical simplicity, a high survival rate 
(no deaths in this study), and relatively consistent and sustained dimi- 
nution of renal function (as reflected by serum creatinine and urea ni- 
trogen concentrations). 


Keyphrases 0 Renal dysfunction-evaluation of methods for producing 
renal dysfunction 0 Uranyl nitrate injection-evaluation for producing 
renal dysfunction 


Renal dysfunction can have pronounced effects on the 
pharmacokinetic and pharmacodynamic characteristics 
of drugs (1). Because exploration of these effects in pa- 
tients may be limited by ethical and practical consider- 
ations, it often becomes necessary to perform studies on 
animals with experimental renal dysfunction (2,3). Several 
methods are available for producing renal failure or dys- 
function in experimental animals (2,4-10); they include 
the administration of various nephrotoxic agents (such as 
dichromate, uranyl nitrate, certain pigments, mercurials, 
and glycerol), temporary occlusion of the renal artery or 


intrarenal infusion of vasoconstrictors, ureteral ligation, 
and partial nephrectomy. 


Since sequence and relative importance of the patho- 
physiological components of acute renal failure in patients 
are not clearly defined (2), it is difficult to determine which 
experimental method for producing renal failure in ani- 
mals yields results that are most representative of the 
clinical condition. However, a number of practical con- 
siderations should influence the choice of the method for 
producing renal failure or dysfunction in experimental 
animals for pharmacokinetic investigations. These con- 
siderations include the time, effort, and skill required to 
carry out the procedure, the stability and reproducibility 
of renal functional impairment, the general condition and 
survival time of the animals, the target organ specificity 
of the method, changes in the hematocrit and serum al- 
bumin concentration, and changes in the serum protein 
binding of certain drugs (which occur clinically and are 
important for pharmacokinetic studies). 


The purpose of this investigation was to compare and 
evaluate several surgical methods and one chemical 
method for producing renal dysfunction in rats, namely, 
bilateral ureteral ligation, single-step 5/6th nephrectomy, 
two-step 5/6th nephrectomy, and uranyl nitrate injection. 
Uranyl nitrate was selected because it is not a known 
hepatotoxin. The development of renal dysfunction was 
determined by daily measurement of the serum creatinine 
and urea nitrogen concentrations, and the correlation 
between these concentrations was examined. Serum glu- 
tamic pyruvic transaminase activity was measured as an 
index of hepatocellular damage. Hematocrit and serum 
albumin concentrations were monitored because these 
values are known to decrease in some clinical cases of renal 
failure (11,12). Finally, the serum free fraction of salicylic 
acid was determined because the protein binding of this 


0022-3549l8 11 0200-0 1 17$0 1.001 0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 117 
Vol. 70, No. 2, February 1981 







Table I-Survival of Rats with Renal Dysfunction Induced by Various Methods a 


Posttreatment Day 
Method 0 1 2 3 4 5 6 


Bilateral ureteral ligation 
Single-step 5/6th nephrectomy 
Single-ste sham-operated controls 


Two-step sham-operated controls 
Uranyl nitrate injection 
Saline-iniected controls 


Two-step P /6th nephrectomy 


616 616 516 016 0/6 016 016 
316 316 2/6 216 


516 516 516 
6/8 618 618 


616 516 616 616 316 516 6,8 
616 


6/6 616 616 
616 616 616 


'I8 616 
818 818 


414 414 414 
616 616 


414 
616 


616 
616 
414 414 414 


0 Values are given as the number of survivors remaining/original number of animals. 


Table 11-Bodv Weight (Grams) of Rats with Exoerimental Renal Dvsfunction and of Their Controls 


Posttreatment Day 
Method 0 1 2 3 4 5 6 


~ 


- - Bilateral ureteral ligation 248 f 21" (6) 260 f 18 (6) 251 f 24 (5) - - 
Single-step 5/6th nephrectomy 232 f 19 (6) 234 f 21 (5) 219 f 12 (3) 223 f 16 (3) 220 f 23 (3) 230,237 (2) 228,238 (2) 
Single-step sham-operated 238 f 11 (6) 258 f 13 (5) 264 f 13 (6) 264 f 12 (5) 264 f 17 (5) 268 f 11 (5) 273 f 17 (5) 


Two-step 5/6th nephrectomy 319 f 18 (8) 324 f 17 (8) 316 f 16 (6) 316 f 25 (6) 317 f 31 (6) 318 f 27 (6) 318 f 30 (6) 
Two-step sham-operated controls 333 f 22 (6) 356 f 21 (6) 353 f 25 (6) 354 f 21 (6) 350 f 23 (6) 349 f 23 (6) 351 f 23 (6) 
Uranyl nitrate injection 204 f 16 (6) 211 f 8 (6) 214 f 15 (6) 228 f 16 (6) 230 f 16 (6) 234 f 14 (6) 237 f 15 (6) 
Saline-injected controls 222 f 17 (4) 242 f 18 (4) 241 f 19 (4) 246 f 16 (4) 250 f 17 (4) 266 f 22 (4) 265 f 17 (4) 


controls 


0 Mean f SD; the number of animals is given in parentheses. 


Table 111-Hematocrit (Percent) of Rats with Experimental Renal Dysfunction and of Their Controls 


Posttreatment Day 
Method 0 1 2 3 4 5 6 


- - - Bilateral ureteral ligation 46 f 1" (6) 46 f 5 (6) 44 f 6 (5) 
Single-step 5/6th nephrectomy 44 f 2 (6) NMb 37,40 (2) 40 f> (3) 38 f 6'(3) 33,37 (2) 32,31 (2) 
Single-ste sham-operated controls 44 f 2 (5) 46 f 2 (4) 42 f 4 (6) 36 f 2 (5) 35 f 2 (5) 35 f 1 (5) 34 f 2 (5) 
Two-step P /6th nephrectomy 49 f 1 (8) 43 f 4 (7) 39 f 4 (6) 40 f 6 (6) 34 f 3 (6) 32 f 3 (5) 31 f 3 (6) 
Two-step sham operated controls 49 f 2 (6) 48 f 2 (6) 46 f 2 (6) 41 f 1 (6) 40 f 1 (6) 38 f 1 (6) 37 f 1 (6) 
Uranyl nitrate injection 45 f 2 (6) 53 f 5 (5) 46 f 2 (6) 36 f 2 (6) 36 f 3 (6) 31 f 2 (6) 32 f 5 (6) 
Saline-iniected controls 44 f 2 (4) 50 f 1 (4) 45 f 1 (4) 37 f 5 (4) 36 f 2 (4) 32 f 2 (4) 36 f 2 (4) 


Mean f SD; the number of animals is given in parentheses. Not measured. 


drug, like that of many other acidic drugs, is decreased in 
patients with impaired renal function (13,14). 


EXPERIMENTAL 


Male Sprague-Dawley rats, 175-400 g, were fasted overnight before 
treatment. Food and water were allowed ad libitum thereafter. 


Single-step 5/6th nephrectomy was performed on six rats in the fol- 
lowing manner. A midline incision extending from the umbilicus to just 
below the sternum was made under ether anesthesia. The left kidney was 
isolated and dissected free of the surrounding tissues. A ligature (heavy 
silk) was placed tightly around the upper and lower poles of the kidney 
so that the organ was sectioned into thirds. Care was taken not to include 
the ureter in the lower ligature. The upper and lower poles then were 
excised. If necessary, a small square of Gel Foam' was used to stop 
bleeding. The right kidney was isolated and freed by blunt dissection from 
the surrounding tissues. A ligature (heavy silk) was placed around the 
renal vessels including the ureter, the renal artery, and vein. The entire 
kidney then was removed. The abdomen was closed with two layers of 
sutures. 


Two-step 5/6th nephrectomy was performed on eight animals. The 
procedure was identical to the preceding one except that two steps were 
involved. The first step, which consisted of the complete removal of the 
right kidney, was performed 2 weeks before the second step to allow the 
remaining kidney to hypertrophy. Then two-thirds of the remaining 
kidney was removed as described for the single-step 5/6th nephrec- 
tomy. 


Bilateral ureteral ligation was performed on six animals by isolating 
the ureters, placing two ligatures tightly around each ureter, and cutting 
between the ligatures. 


Uranyl nitrate, 5 mglkg, was administered once intravenously as a 
5-mgIml solution oia a tail vein to six rats. 


There were three control groups. One group of six animals was sham 
operated on the same day as the bilateral ureteral-ligated rats and the 
single-step 5/6th-nephrectomized rats and served as the control group for 
both of these groups. A second group of six animals underwent two sham 
operations 2 weeks apart on the days of surgery of the two-step ne- 
phrectomized rats and served as their controls. A third group of four 
control rats was given saline solution, 1 ml/kg iv uia a tail vein, and served 
as the control group for the uranyl nitrate-treated rats. 


After induction of renal failure, injection of saline, or sham operation, 
1 ml of blood was taken from the tail artery of each rat on Days 1,3, and 
5 and 3 ml of blood was taken on Days 0 (prior to induction of renal fail- 
ure), 2,4, and 6. Blood was taken after the second step of the procedure 
from the two-step nephrectomized rats and their controls. The serum 
was separated immediately and stored in the frozen state pending anal- 
ysis. About 50-100 p1 of serum from each rat was set aside daily before 
freezing for the determination of serum creatinine concentrations. In 
addition, the rats were weighed daily and the hematocrit was re- 
corded. 


Serum creatinine concentrations were measured by the Jaffe (15) re- 
action, and serum urea nitrogen concentrations were measured by the 
method of Crocker (16), both using a commercial kit2. Transaminase 
activity was determined by the enzymatic method of Wroblewski and La 
Due (17) with a commercial kit". Total protein concentrations were 
measured by the method of Gornall et al. (18), using rat albumin as a 
standard. The albumin fraction was determined by serum protein elec- 
trophoresis4, and the albumin concentration was calculated by multi- 
plying the fraction of albumin by the total protein concentration. 


* Rapid-Stat, Pierce Biochemical, Rockford, 111. 


4 Gelman electrophoresis system, Gelman Instrument Co., Ann Arbor, Mich. 
Calbiochem, La Jolla, Calif. 


The Upjohn Co., Kalamazoo, Mich. 
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Table IV-Serum Creatinine Concentrations (Milligrams per 100 ml) in Rats with Experimental Renal Dysfunction and in Their 
Controls 


- 
E 
8 
r 8 -  
2 


c . 


Method 0 


Bilateral ureteral ligation 1.22 f 0.40° (6) 
Single-step '/&h nephrectomy 0.99 f 0.14 (6) 
Single-step sham-operated 1.02 f 0.16 (6) 


Two-step 6/sth nephrectomy 1.11 f 0.36 (8) 
Two-step sham-operated 0.94 f 0.32 (6) 


Uranyl nitrate injection 1.08 f 0.31 (6) 
Saline-injected controls 1.30 f 0.20 (4) 


controls 


controls 


Posttreatment Day 
1 2 3 4 5 6 


5.78 f 0.47 (6) 9.33 f 1.01 (5) - - - - 
NMb 2.68 f 0.77 (3) 2.83 f 1.59 (3) 5.03 f 5.41 (3) 1.18,1.54(2) 1.56,2.62 (2) 
1.19 f 0.19 (5) 0.89 f 0.21 (6) 1.19 f 0.21 (5) 1.09 f 0.42 (5) 0.90 f 0.23 (5) 0.97 f 0.25 (5) 


3.05 f 1.08 (7) 2.91 f 1.52 (6) 2.81 f 1.67 (6) 2.29 f 0.88 (6) 1.81 f 0.19 (5) 1.95 f 0.62 (6) 
1.07 f 0.15 (6) 0.97 f 0.25 (6) 1.14 f 0.07 (6) 1.04 f 0.17 (6) 0.92 f 0.11 (6) 0.99 f 0.17 (6) 


1.48 f 0.53 (6) 1.78 f 0.34 (6) 2.25 f 0.20 (6) 3.26 f 0.57 (6) 4.00 f 1.01 (6) 6.84 f 1.49 (6) 
1.47 f 0.27 (4) 0.65 f 0.16 (4) 1.00 f 0.38 (4) 1.28 f 0.34 (4) 1.04 f 0.28 (4) 1.16 f 0.32 (4) 


a Mean f SD; the number of animals is given in parentheses. b Not measured. 


Table V-Serum Urea Nitrogen Concentrations (Milligrams per 100 ml) in Rats with Experimental Renal Dysfunction and in Their 
Controls 


Posttreatment Day 
Method 0 1 2 3 4 5 6 


- - Bilateral ureteral ligation 10.8 f 1.9O (6) 149 f 9.0 (6) 254 f 21.0 (5) - - 
Single-step '/6 nephrectomy 11.4 f 2.7 (6) NMb 57.4 f 31.6 (3) 46.8 f 27.1 (3) NMb 20.3,28.0 (2) 32.0,31.0 (2) 
Single-step sham-operated 9.8 f 2.3 (6) 15.3 f 2.7 (5) 12.2 f 4.0 (6) 8.6 f 2.1 (5) 16.1 f 2.5 (5) 9.8 f 1.7 (5) 9.9 f 1.5 (5) 


Two-step '/6 nephrectomy 
Two-step sham-operated 10.7 f 4.2 (6) 13.8 f 2.8 (6) 17.3 f 3.0 (6) 17.4 f 2.3 (6) 14.4 f 1.9 (6) 14.0 f 2.4 (6) 13.7 f 1.7 (6) 


Uranyl nitrate injection 12.1 f 1.7 (6) 45.0 f 22.0 (6) 28.7 i 4.7 (6) 30.4 f 6.6 (6) 47.6 f 9.5 (6) 78.2 f 12.6 (6) 175 f 24 (6) 
Saline-injected controls 5.7 f 1.8 (4) 


controls 


controls 


16.1 f 6.8 (8) 102 f 56 (7) 85.5 f 60.0 (6) 72.0 f 54.9 (6) 59.6 f 50.6 (5) 31.4 f 5.7 (5) 44.0 i 22.4 (6) 


10.4 f 1.6 (4) 21.7 f 2.7 (4) 17.5 f 2.7 (4) ' 11.3 f 1.8 (4) 10.8 f 1.8 (4) 9.2 f 1.1 (4) 


Mean f SD; the number of animals is given in parentheses. * Not measured. 


The serum protein binding of salicylic acid was determined by equi- 
librium dialysis at 37' in plexiglass cells separated by a cellophane6 
membrane on serum samples obtained from the rats on Days 0,2,4, and 
6. Approximately 0.5 ml of serum was dialyzed for 4 hr against an equal 
volume of 0.13 M isotonic phosphate buffer (pH 7.4) containing 300 pg 
of salicylic acid/ml. The salicylic acid concentration in the buffer and 
serum phases was assayed by the method of Brodie et al. (19). 


RESULTS 


Animals with ligated ureters looked and acted very ill and died by the 
3rd day. There was a high incidence of death following single-step '/sth 
nephrectomy and a lower incidence after the two-step procedure. The 
uranyl nitrate-treated animals and all but one control rat survived 
throughout the study (Table I). Animals with renal dysfunction showed 
less of a gain in body weight than the controls over the 6-day study (Table 
11). The hematocrit decreased with time in all animals, probably due 
mainly to repeated blood sampling (Table 111). 


Serum creatinine concentrations remained stable a t  -1 mg/100 ml in 
all control groups and increased appreciably in all animals subjected to 
renal injury (Table IV). The most pronounced effect occurred after 
ureteral ligation. Animals with particularly elevated serum creatinine 
concentrations after partial nephrectomy tended to expire; this fact 
partially accounts for the declining average. creatinine concentrations 
in these groups on Days 5 and 6. Uranyl nitrate-treated rats exhibited 
a gradual and relatively consistent increase of serum creatinine concen- 
trations with time, except for a sudden, more substantial increase from 
Day 5 to Day 6 (Table IV). The same tendencies were observed with re- 
spect to serum urea nitrogen concentrations, including an abrupt increase 
from Day 5 to Day 6 in the uranyl nitrate-treated animals (Table V). 
There was a strong positive correlation between the serum creatinine and 
urea nitrogen concentrations in the rats with renal dysfunction (Fig. 
1). 


Serum glutamic pyruvic transaminase activity did not increase above 
normal levels in any of the animals. In fact, the rats with bilateral ureteral 
ligation (i.e., the only animals that were unable to produce urine) ex- 
hibited a remarkable decrease of transaminase activity (Table VI). 


Serum albumin concentrations decreased appreciably after bilateral 
ureteral ligation and partial nephrectomy but did not change remarkably 
after uranyl nitrate injection (Table VII). Serum protein binding of sal- 


Average pore size of 24 A, VWR Scientific Co., Rochester, N.Y. 
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Figure 1-Relationship between serum creatinine and serum urea ni- 
trogen concentrations in rats with experimental renal dysfunction. Key: 
0, single-step 5/.5th nephrectomy; 0, two-step 5/&h nephrectomy; A, 
bilateral ureteral ligation; V, uranyl nitrate injection; and 0, data from 
control animals (sham operated or saline injected) and from all other 
rats before surgery or injection of nephrotoxin. Data within the rec- 
tangle are the mean f SD values for nine (O), 20 (n), and 20 (v) de- 
terminations, respectiuely. The correlation coefficient for all except the 
control values is 0.913, p < 0.001, n = 90. 
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Table VI-Serum Glutamic Pyruvic Transaminase Activity (Milliunits per Milliliter) in Rats with Experimental Renal Dysfunction 
and in Their Controls 


Posttreatment Day 
Method 0 1 2 3 4 5 6 


Bilateral ureteral ligation 13.4 f 2.4" (6) 5.8 f 3.2 (6) 1.0 f 2.3 (5) - - - - 
Single-step 5/ij nephrectomy 17.9 f 5.0 (6) NM* 18.5 f 7.2 (3) 10.6 f 2.6 (3) 20.6 f 1.8 (3) 15.4,27.8 (2) 9.3,24.7 (2) 
Single-step sham-operated 16.8 f 2.2 (6) 18.5 f 1.6 (5) 21.3 f 4.7 (6) 15.8 f 2.2 (5) 15.6 f 3.2 (5) 16.3 f 2.6 (5) 17.1 f 2.7 (5) 


Two-step 5/6 nephrectomy 14.6 f 4.2 (8) 10.7 f 3.8 (7) 10.3 f 2.5 (6) 12.5 f 3.6 (6) 16.5 f 6.1 (6) 20.6 f 4.4 (5) 23.8 f 4.2 (6) 
Two-step sham-operated 11.5 f 2.2 (6) 17.4 f 3.6 (6) 23.9 f 2.6 (6) 23.2 f 4.6 (6) 23.3 f 11.8 (6) 23.5 f 4.7 (6) 26.0 f 5.9 (6) 


Uranyl nitrate injection 11.3 f 1.1 (5) 11.2 f 2.4 (6) 17.8 f 1.1 (6) 17.0 f 2.3 (6) 21.6 f 1.8 (6) 20.8 f 6.1 (6) 10.8 -+ 4.9 (6) 
Saline-injected controls 12.9 f 1.3 (4) 12.1 f 1.8 (4) 22.2 f 3.0 (4) 15.2 f 3.7 (4) 14.2 f 3.6 (4) 17.2 f 2.5 (4) 15.7 f 2.1 (4) 


controls 


controls 


* Mean f SD; the number of animals is given in parentheses. * Not measured. 


Table VII-Serum Albumin Concentrations (Grams per 100 ml) in  Rats with Experimental Renal Dysfunction and in  Their Controls 


Posttreatment Day 
Method 0 1 2 3 4 5 6 


- Bilateral ureteral ligation 3.96 f 0.30" (6) 2.73$ 0.50 (5) 2.58 f 0.42 (5) - - - 
Single-step 5/6 nephrectomy 3.92 f 0.23 (5) NM 2.41 f 0.28 (3) 2.44 f 0.32 (3) NMb 3.13,2.31 (2) 2.98,2.02 (2) 
Single-step sham-operated 3.78 f 0.41 (6) 3.75 f 0.40 (5 )  3.61 f 0.47 (6) 3.50 f 0.37 (5) 3.58 f 0.42 (5) 3.51 f 0.34 (5)  3.72 f 0.34 (5) 


Two-step 5/6 nephrectomy 5.11 f 0.49 (8) 2.54 f 0.64 (7) 2.46 f 0.53 (6) 2.51 f 0.43 (6) 2.57 f 0.72 (6) 2.72 f 0.53 (5) 2.87 f 0.58 (6) 
Two-step sham-operated 4.31 f 0.31 (6) 3.53 f 0.29 (6) 3.34 f 0.22 (6) 3.30 f 0.45 (6) 3.26 f 0.41 (6) 3.35 f 0.24 (6) 3.51 f 0.24 (6) 


Uranyl nitrate injection 3.99 f 0.39 (6) 4.41 f 0.20 (6) 3.94 f 0.14 (6) 3.52 f 0.24 (6) 3.49 f 0.11 (4) 3.28 f 0.37 (6) 3.46 f 0.22 (5) 
Saline-iniected controls 4.10 f 0.19 (4) 4.55 f 0.33 (4) 4.79.4.13 (2) 4.17 f 0.17 (4) 4.40 f 0.094 (4) 3.91 f 0.18 (4) 4.02 f 0.21 (4) 


controls 


controls 


0 Mean f SD; the number of animals is given in parentheses. * Not measured. 


Table VIII-Serum Free Fraction (X 100) of Salicvlic Acid in Rats  with Exoerimental Renal Dysfunction and in Their Controls 


Posttreatment Day 
Method 0 2 4 6 


~~ 


Bilateral ureteral ligation 34.6 f 1.2a (6) 55.3 (1) - - 
Single-step 5/6 nephrectomy 34.5 f 5.3 (6) 55.6 f 16.1 (3) 34.1 (1) 41.5,27.5 (2) 
Single-ste sham-operated controls 35.2 f 2.8 (6) 36.3 f 4.2 (5) 32.8 f 5.0 (5) 33.6 f 2.8 (5) 
Two-step ! /6 nephrectomy 32.1 f 3.4 (5) 51.9 f 11.0 (5) 59.1 f 12.4 (6) 52.3 f 8.8 (5) 
Two-step sham-operated controls 43.8 f 6.1 (5) 40.4 f 4.0 (4) 39.4 f 6.7 (5) 43.2 f 6.7 (5) 
Uranyl nitrate injection 33.3 f 2.8 (6) 33.0 f 6.1 (5) 43.1 f 6.0 (6) 47.4 f 4.6 (6) 
Saline-injected controls 29.2 f 5.5 (4) 24.0 f 1.9 (4) 23.8 f 1.8 (4) 25.0 f 3.6 (4) 


Mean f SD; the number of animals is given in parentheses. 


icylic acid decreased after renal injury (Table VIII). There was a signif- 
icant negative correlation between salicylic acid free fraction values and 
the albumin concentration in the serum, with no discernible distinction 
as a function of the method employed to produce renal dysfunction (Fig. 
2). Weak but statistically significant positive correlations were found 
between salicylic acid free fractions and serum urea nitrogen concen- 
trations ( r  = 0.534, p < 0.001, n = 118) and between salicylic acid free 
fractions and serum creatinine concentrations ( r  = 0.477, p < 0.001, n 
= 121). 


hydroxylase activity in the liver but decreases hepatic aminopyrine N -  
demethylase activity (22). However, the latter also occurs after ureteral 
ligation and, therefore, is not a specific effect of uranyl nitrate (22). This 
study showed normal serum glutamic pyruvic transaminwe activity after 


0. 


DISCUSSION 


Of the methods studied, uranyl nitrate injection was the simplest for 
producing renal dysfunction. The method produced a significant and 
sustained elevation of serum creatinine and urea nitrogen concentrations 
and, as also found in patients, a decrease in the serum protein binding 
of salicylic acid. All animals survived for the duration of the study (6 days) 
and appeared to be in good condition. The surgical methods were more 
time consuming and slightly more difficult; ureteral ligation was more 
easily performed than partial nephrectomy. High mortality is a distinct 
disadvantage of the ureteral ligation and single-step 5/6th nephrectomy 
methods; two-step nephrectomy was associated with better survival, but 
the degree of renal functional impairment was more variable than after 
uranyl nitrate injection. 


Uranyl nitrate causes necrosis of the distal portion of the proximal renal 
tubules. This effect is seen 4 days after injection (20). The results of this 
study show that renal function begins to decrease within 1 day after 
uranyl nitrate injection but that pronounced effects become evident on 
Days 5 and 6 (Tables IV and V). Decreased glomerular permeability also 
has been reported (21). Uranyl nitrate administration to rats has no 
significant effect on the cytochrome P-450 concentration and aniline 


2 3 4 5 
J 


ALBUMIN CONCENTRATION, g/100 ml 
Figure %-Relationship between the free fraction of salicylic acid and 
the albumin concentration in the serum of rats with experimental renal 
dysfunction. Key: 0,  single-step 5/6th nephrectomy; 0 ,  two-step 5/6th 
nephrectomy; A, bilateral ureteral ligation; V, uranyl nitrate injection; 
and 0, control animals. The correlation coefficient is -0.710, p < 0,001, 
with 113 determinations on 42 rats. This plot contains the free fraction 
data summdrized in Table VIIIand some additional data obtained on 
days other than those listed in Table VIII. 
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uranyl nitrate injection, indicating that there was no grogs hepatocellular 
damage. We have no definitive explanation for the unusual decline of 
transaminase activity in rats with bilateral ureteral ligation; increased 
catabolism of the enzyme, decreased binding to serum constituents and 
consequent redistribution, and assay interference due to endogenous 
substances in these totally anuric animals may be involved6. Other in- 
vestigators found decreased serum alkaline phosphatase activity in rats 
after administration of a nephrotoxic dose of cephaloridine and specu- 
lated that this result may be due to increased catabolism of the enzyme 
(23). 


Creatinine as well as urea nitrogen concentrations in serum and renal 
clearances are commonly used indexes of renal function. It has been re- 
ported that “blood urea nitrogen results followed a curve virtually 
identical to that of the serum creatinine” in rats with transient elevation 
of serum creatinine concentrations associated with gentamicin-induced 
nephrotoxicity (24). A linear relationship between serum urea and cre- 
atinine concentrations was observed in rabbits with renal impairment 
induced by uranyl nitrate (25). A similar correlation was found in the 
present study, suggesting that experimental renal functional impairment 
in rats and rabbits can be assessed by measuring either creatinine or urea 
nitrogen. However, creatinine and urea serum concentrations or renal 
clearances are not always interchangeable or alternative indexes of renal 
function under clinical conditions since urea, but not creatinine, is par- 
tially reabsorbed from the renal tubules (26,27). Serum concentrations 
of creatinine are affected by the age-dependent synthesis rate of the 
compound, while those of urea nitrogen may be affected by dietary pro- 
tein intake. Serum urea was found to be superior to serum creatinine in 
the degree of the relationship to renal digoxin clearance in patients on 
digoxin therapy (27). 


REFERENCES 


(1) J. Fabre and L. Balant, Clin. Pharmacokinet., 1.99 (1976). 
(2) N. G. Levinsky, N .  Engl. J. Med., 296,1453 (1977). 
(3) S. M. Roberts and G. Levy, J. Pharm. Sci., 69,363 (1980). 
(4) W. Flamenbaum, R. J. Hamburger, M. L. Huddleston, J. Kauf- 


man, J. S. McNeil, J. H. Schwartz, and R. Nagle, Kidney Znt., 10, S-115 
(1976). 


(5) D. E. Oken, Prog. Biochem. Pharmacol., 7,219 (1972). 
(6) W. Flamenbaum, M. L. Huddleston, J. S. McNeil, and R. J. 


Assay interference is unlikely since measurement of transaminase activity in 
mixtures of serum from normal rats and from rats with bilateral ureteral ligation 
yielded results consistent with the measured transaminase activity of the component 
serum samples and their volume ratio in the mixture. 


Hamburger, Kidney Znt., 6,408 (1974). 
(7) E. E. Selkurt, Am. J.  Physiol., 205,286 (1963). 
(8) R. Platt, M. H. Roscoe, and F. W. Smith, Clin. Sci., 11, 217 


(9) R. P. Fischer, E. T. Peter, and J. F. Mullane, Arch. Surg., 109, 


(10) H. C. Stoerk. J. H. Laraeh, R. M. Aceto, and T. Budzilovich, Am. 


(1952). 


409 (1974). 
- .  


J.  Pathol., 58,51(1970). 
(11) S. B. Grossman. S. H. YaD. and D. A. Shafritz. J. Clin. Znuest.. .. 


59,.869 (1977). 


Ther., 27,508 (1980). 
(12) K. M. Giacomini, T. P. Gibson, and G. Levy, Clin. Pharmacol. 


(13) D. T. Lowenthal. W. A. Briens, and G. Lew. J. Clin. Znuest.. 54. . .  -- - - .  
1221 (1974). 
(14) G. Levy, T. Baliah, and J. A. Procknal, Clin. Pharmacol. Ther., 


20.512 (1976). 
(15) M. Jaffe, 2. Physiol. Chem., 10,391 (1886). 
(16) C. L. Crocker, Am. J. Med. Technol., 33,361 (1963). 
(17) F. Wroblewski and J. S. LQue, Proc. SOC. Exp. Biol. Med., 91, 


(18) A. G. Gornall, C. J. Bardawill, and M. M. David, J. Biol. Chem., 


(19) B. B. Brodie, S. Udenfriend, and A. F. Coburn, J. Pharmacol. Exp. 


(20) F. A. Carone and W. G. Spector, J. Pathol. Bacteriol., 80, 55 


(21) R. C. Blantz and K. Konnen, J.  Clin. Znuest., 55,621 (1975). 
(22) A. P. VanPeer and F. M. Belpaire, Arch. Znt. Pharmacodyn. 


(23) E. 0. Ngaha and D. T. Plummer, Biochem. Med., 18, 71 


(24) D. N. Gilbert, D. C. Houghton, W. M. Bennett, C. E. Plamp, K. 


(25) M. J. Garcia, A. A. Dominguez-Gil, M. Cepeda, and A. Dom- 


(26) D. B. Morgan, M. E. Carver, and R. B. Payne, Br. Med. J., 2,929 


(27) H. Halkin, L. B. Sheiner, C. C. Peck, and K. L. Melmon, Clin. 


569 (1956). 


177,751 (1949). 


Ther., 80,114 (1944). 


(1960). 


Ther., 228,180 (1977). 


(1977). 


Reger, and G. A. Porter, Proc. SOC. Exp. Biol. Med., 160,99 (1979). 


inguez-Gil, Znt. J. Pharm., 5,117 (1980). 


(1977). 


Pharmacol. Ther., 17,385 (1975). 


ACKNOWLEDGMENTS 


Supported in part by Grant GM 20852 and by a postdodoral fellowship 
(GM 06774 to S. M. Roberts) from the National Institute of General 
Medical Sciences, National Institutes of Health. 


Journal of Pharmaceutical Sciences I 121 
Vol. 70, No. 2, February 1981 








Table 111-Zn Vitro Effects of Imide Analogs on Enzymes of 
Cholesterol and Triglyceride Synthetic Pathways in  Mice (n = 
6) 


Percent of Control, 5 i SD 
Acetyl- Acetyl-CoA 


CoA Citrate- Carboxy- Fatty Acid 
Compound Synthetase lyase lase Synthetase 


I 7 0 f 8 "  4 2 f 6 "  8 f 4 "  1 0 5 f 8  
I1 53 f 12" 34 f 4" 1 7 f 3 "  1 0 9 f 7  


111 7 4 f 6 "  3 8 f 3 '  8 7 i 7  9 8 f 9  
IV 5 8 f 6 "  3 8 f 7 "  1 0 0 4 ~ 5  8 1 f 7 b  
V 6 3 f 9 ;  6 6 f 6 '  1 0 6 f 6  8 6 f 8  


VI 88 f 5 6 0 f 5 "  5 9 f 8 "  1 0 3 f 4  
VII 6 l f 7 "  6 5 f 6 "  9 f 2 "  9 3 f 5  


VIII 7 4 f 9 "  4 7 f 8 '  1 2 f 3 =  1 0 4 f 7  
IX 57f  10" 87 f 6 b  1 8 i 4 "  1 0 7 f 7  
X 8 7 f 8 *  8 2 f 7 "  5 4 i 5 "  1 1 0 f 8  


XI 5 8 f 7 "  7 6 f 4 '  2 4 f 4 "  91 f 9  
XI1 4 4 f  11" 7 2 f 9 "  7 6 f 3 "  7 5 f 1 0 b  


cellulose, 1% 


Acetazolamide 66 f 4" 66 f 7" 1 3 f 2 "  8 2 3 ~ 6 ~  
Carboxymethyl- 100 f 5c 100 f 4d 100 f 7e 100 f 7f 


a p 5 0.001. * p -< 0.005, Student t test. 28.5 mg of acetyl-CoA formed/g of wet 
tissue/30 rnin. d 30.5 m of citrate hydrolyzdg of wet tissue/30 min. 32,010 dpm/g 
of wet tissue/30 min. ?37,656 dpm/g of wet tissueW0 min. 


0.001). These agents were not toxic a t  the doses employed, and no side 
effects were noted. 


An attempt was made to correlate the antihyperlipidemic activity with 
the ability to inhibit enzymatic activities at key biochemical sites early 
in the synthesis of cholesterol and fatty acids (Table 111). The ability to 
lower serum cholesterol levels correlated positively with the ability to 
suppress liver acetyl-CoA synthetase activity (r  = 0.86, p = 0.001, using 
the means of each test group7). The ability to suppress acetyl-CoA car- 
boxylase activity correlated positively with the lowering of serum tri- 
glycerides ( r  = 0.84, p = 0.001). The ability to inhibit citrate-lyase ac- 
tivity, although inhibited by I-IV and VIII which caused >50% inhibition, 
did not correlate with the ability to lower the serum cholesterol or tri- 
glycerides levels. The imide derivatives had no effect on fatty acid syn- 
thetase activities except in isolated cases such as IV, V, and XII. Both 
acetyl-CoA synthetase and citrate-lyase regulate the availability of 
acetyl-CoA in the cytoplasm for the synthesis of both cholesterol and fatty 
acids for the synthesis of triglycerides. Acetyl-CoA carboxylase is the 
regulatory enzyme in the synthesis of fatty acids, which subsequently are 
required in triglyceride synthesis. In this assay, the carboxylase enzyme 


7 Pearson-product-moment coefficient of correlation ( r ) ;  probability determined 
by the Student t test (12). 


must be polymerized for optimum activity (10). Highest inhibition by 
the imide compounds was observed when test compounds were added 
to the incubation medium prior to polymerization. However, significant 
inhibition was observed even if the compounds were added after poly- 
merization, e.g., I, 11, VIII, and IX caused 76,62,42, and 7090 inhibition 
of the carboxylase activity, respectively. 


These studies demonstrate pellucidly the antihyperlipidemic effects 
of imides. Compared to available standard pharmacological agents, these 
agents are potent in their ability to lower serum lipids at a relatively low 
dose with no observable deleterious side effects. These compounds offer 
unique ways to regulate lipid synthesis which have not been reported 
previously. 


REFERENCES 


(1) J. M. Chapman, G. H. Cocolas, and I. H. Hall, J.  Med. Chem., 22, 


(2) H. Irai, S. Shima, and N. Murata, Kogyo Kagaku Zasshi, 62,82 


(3) S. Chodroff, R. Kapp, and C. 0. Beckmann, J. Am. Chem. Soc., 


(4) M. M. Abdel-Monem, N. E. Newton, and C. E. Weeks, J.  Med. 


(5) L. Sterk, J. Hasko, and K. Nador, Arzneim.-Forsch., 18, 798 


(6) A. T. Ness, J. V. Pastewka, and A. C. Peacock, Clin. Chim. Acta, 


(7) M. Hoffmann, L. Weiss, and 0. H. Wieland, Anal. Biochim., 84, 


(8) A. G. Goodridge, J. Biol. Chem., 248,4218 (1973). 
(9) M. D. Greenspan and J. M. Lowenstein, ibid., 243. 6273 


1399 (1979). 


(1959); through Chem. Abstr., 58,5659b (1963). 


69,256 (1947). 


Chem., 17,447 (1974). 


(1968). 


10,229 (1964). 


441 (1978). 


(1968). 
(10) T. P. Cao and S. Row, Life Sci., 22,2067 (1978). 
(11) R. 0. Brady, R. M. Bradley, and E. G. Trams, J.  Biol. Chem., 235, 


(12) G. W. Snedecor, "Statistical Methods," Iowa State College Press, 


(13) W. A. Noyes and P. K. Porter, Org. Synth., coll. vol. I, 457 


(14) H. T. Clarke and L. D. Behr, ibid., coll. vol. 11,562 (1943). 
(15) A. E. Porai-Koshits and I. S. Pavlushenko, J.  Gen. Chem. 


(USSR), 17,1739 (1947); through Chem. Abstr., 42,5893a (1948). 
(16) "The Merck Index," 9th ed., Merck & Co., Rahway, N.J., 1976, 


p. 8075. 
(17) Ibid., p. 1574. 
(18) R. E. Lancaster, Jr., and C. A. Vanderwerf, J. Org. Chem. 23,1208 


(19) R. 0. Roblin, Jr., and J. W. Clapp, J .  Am. Chern. Soc., 72,4890 


3093 (1960). 


Ames, Iowa, 1956. 


(1932). 


(1958). 


(1950). 


Thermal Hardness Coefficient of Tablets 


EUGENE L. PARROTT 
Received May 7,1980, from the Division of Pharmaceutics, College of Pharmacy, University of Iowa, Iowa City, IA 52242. 
publication September 2,1980. 


Accepted for 


~ ~~ 


Abstract The hardness of 10 commercial compressed tablets was 
measured at  -25,0,24, and 50°. The hardness is relatively insensitive 
to temperature change within normal storage and handling temperatures. 
Consequently, no temperature control is needed in measuring tablet 
hardness. Nonconventional (sustained-release) tablets behave differ- 
ently. 


Keyphrases Tablets-determination of hardness a t  various tem- 
peratures Hardness-tablets, effects of temperature Tempera- 
ture-effect on hardness coefficient of tablets 


Carbon steel and martensitic steels have low mechanical 
strength a t  low temperatures. With the exception of tet- 


rafluoroethylene resin, plastics are embrittled at low 
temperatures (1). In the cryopulverizing process, the ma- 
terial to be comminuted has its temperature lowered so 
that it changes from a ductile to a brittle solid (2, 3). All 
materials are not embrittled by chilling; copper, aluminum, 
nickel, and most solid-solution alloys of these metals are 
strong a t  low temperatures. 


In pharmaceutics, the brittleness or resistance to 
crushing is known as hardness, which is defined as the 
compression force that, when applied diametrically, just 
causes the tablet to fracture. Although no official standards 
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Table I-Average (&SO) Hardness of Tablets in Kilopounds a t  
Various Temperatures ( f 1 ") 


Product -25O 0' 24' 50' 


A0 9.7 f 1.3* 8.2 f 1.2 9.0 f 0.9 7.1 f 0.9 
B' 6.7 f 1.1 6.3 f 1.1 6.0 f 1.2 5.0 f 1.4 
Cd 7.5 f 0.8 6.5 f 0.6 6.6 f 0.6 4.5 zk 0.4 
De 7.1 f 2.4 6.5 f 2.2 6.7 f 1.7 5.8 I 1.3 
Ef 7.4 f 0.7 6.6 f 0.8 7.0 f 1.0 6.0 f 1.0 
FS 7.2 f 0.8 8.6 f 0.8 9.0 f 0.8 6.2 f 0.5 
Gh 15.3 f 2.2 13.6 f 2.2 11.2 f 1.1 5.0 f 0.6 
Belladenal, Sandoz, lot 241 A 8473 (July 1984). * Average of 10 measurements. 


Hydergine, 
Sandoz, lot 764 Y 6460 (July 1981). Methotrerate, Lederle, lot 513-418 (May 1982). 
I P-A-C Compound, Upjohn, lot 670GK (March 1982). 8 PBZ Lontabs (50 me;), lot 
11172 (September 1981). Tedral SA, Warner-Chilcott, lot 2210V075A (July 1980). 


Furadantin (50 mg), Norwich-Eaton, lot 02276 (August 1984). 


Table 11-Average (fSO) Hardness of Tablets in Kilograms a at 
Various Temperatures (f1 O ) 


Product -25' 0' 24' 50' 


Hb 19.9f0.4c 19.7 f0.3 19.450.6 20.0f0.2 
Id 19.8 f 0.4 19.3 f 1.5 17.9 f 1.9 20.2 f 0.3 
J e  19.3 f 0.4 19.9 f 0.2 18.5 f 0.6 19.6 f 0.6 


~ ~~ ~ ~~~ 


0 Pfizer hardness tester. * Gris-PEG, Dorsey, lot L77207 (February 1981). 
C Average of 10 measurements. d Tenuate Dospan. Merrell, lot 155BB (January 
1984). Tral Gradumet, Abbott, lot 53988AF26 (April 19801. 


exist to measure or express the hardness of compressed 
tablets, hardness is a universally used manufacturing 
specification for inprocess control and batch evaluation. 
The embrittlement of compressed tablets at  temperatures 
( - 2 5 - 5 0 O )  likely to be encountered in handling, shipment, 
and storage is of interest. 


EXPERIMENTAL 


Ten commercial products were arbitrarily selected without regard to 
the medicinal compound. The tablets were placed in separate amber glass 
vials a t  ambient temperature and humidity. Tablets were stored in a 
freezer a t  -25' for 20 hr, in an oven at  50' for 20 hr, or in an ice bath at  


0" for 8 hr. Tablets were removed from the constant-temperature 
chambers and immediately measured by means of a motor-driven 
hardness tester', which applied force at  a constant rate. A manual 
hardness tester2 was used only when the hardness exceeded the scale on 
the motor-driven tester. For each product, 10 tablets were measured. 


RESULTS AND DISCUSSION 


The mean hardness and standard deviation of seven commercial tablets 
a t  -25, 0, 24, and 50' are shown in Table I. The mean hardness and 
standard deviation as determined by the manual hardness tester permits 
comparison of hardness a t  various temperatures (Table 11). 


Inspection of Table I suggests a slight decrease in hardness as the 
temperature was increased (--0.02 kilopound/degree) for Products A-E. 
The sustained-release tablets (F and G )  were softest at the highest 
temperature. Wax-like ingredients (carnauba wax and stearyl alcohol), 
which impart a sustained-release pattern, probably soften and become 
more plastic as the temperature rises from room temperature to 50'; this 
effect decreased the hardness by 50% for Tablet G. Since the exact for- 
mulations are unknown, speculation on the form of the curves serves no 
useful purpose. However, the results confirm that for nonconventional 
(sustained-release) tablets, one would not necessarily anticipate a con- 
stant value of the thermal hardness coefficient as was demonstrated for 
the conventional tablets. 


In the temperature range studied, Products H-J had a thermal hard- 
ness coefficient of zero (Table 11). In these products, the medicinal 
compound is held within a matrix. For example, in Product J, the hexo- 
cyclium methylsulfate exists within the channels and pores of a water- 
insoluble matrix of methyl acrylate and methyl methacrylate, which 
maintains a constant hardness a t  the usual temperatures of handling and 
storage. 
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Abstract 0 A dry column chromatographic procedure is described. It 
allows for the rapid concentration of biologically active materials in 
natural products fractionation. The potential value of the technique is 
described, utilizing as an example the separation of an anticancer active 
fraction obtained from Euphorbia cyparissias. 


Keyphrases 0 Column chromatography, dry-rapid concentration of 
biological activity, natural products fractionation Euphorbia cypar- 
issias-separation of anticancer active fraction, dry column chroma- 
tography Separation-biological activity in natural products, dry 
column chromatography 


One of the largest and most successful plant screening 
programs in recent years has been coordinated by the U.S. 


National Cancer Institute to discover new naturally oc- 
curring tumor inhibitors (1-3). As part of this effort, this 
laboratory established an extensive program to screen the 
higher plants of southeastern Michigan for anticancer 
activity and to isolate active plant constituents. As with 
all work of this type, the successful completion of frac- 
tionation studies depends largely on the rapid concen- 
tration of active materials into simplified fractions so that 
maximal effort can be directed toward purification of ac- 
tive plant components. To facilitate this process, a method 
was sought that would rapidly indicate which plant con- 
stituents were responsible for activity observed with crude 
plant extracts. 
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OH); mass spectrum: parent ion m/r 223.0849 (63.7%) (calc. for 


126 (45.0), 111 (loo), 83 (61.8), and 67 (23.0). 
3-Amino-5,5-dimethyl- 1 -oxo-2-cyclohexene - 2 - carboxamide 


(XXV)-Compound XXIV (223 mg, 1 mmole) was dissolved in 5 ml of 
saturated ammoniacal methanol. After standing at room temperature 
for 24 hr, the solvent was evaporated in uacuo. The residue was dissolved 
in acetone, from which colorless crystals appeared (115 mg, 63%), mp 
188-189O dec.; UV A, (ethanol) 260 (log t 64.6) nm; IR (KBr): 3400, 
3300, 3200, 3140, 2950, 2930,2860, 1630 (intense), 1600-1580 (broad, 
intense), 1470,1390,1385,1380,1370,1330,1280,1080,760, and 635 cm-l; 
NMR (CD3COCD3): 6 1.04 (a, 6H, gem-dimethyl groups), 2.40 (a, 4H, 
methylene groups), 3.07 (a, 2H, NHz), 6.77 (broad a, lH,  CONH), and 
10.57 (broad a, lH, CONH); mass spectrum: parent ion m/z 182.1049 
(100%) (calc. for C9H14N202: 182.1054), 183 (M + 1) (10.4), 167 (8.3), 154 
(17.4), 139 (6.3), 126 (32.0), 113 (13.2),98 (17.6), 85 (93.9), 84 (71.7), 71 
(8.4), 70 (27.5), 68 (26.0), 57 (10.4), 56 (17.2), and 55 (21.7). 


C11HlsNOr: 223.0843), 224 (M + 1) (9.8), 195 (6.4), 167 (33.5), 139 (7.4), 
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Abstract 0 A graphite furnace atomic absorption spectrophotometric 
assay, capable of accurately determining nanogram amounts of platinum 
in serum and ultrdiltrate, was developed. A sample serum or ultrafiltrate 
was acidified with nitric acid and heated to destroy the protein-platinum 
bond. A measured excess of ammonium 1-pyrrolidinedithiocarbamate 
was added, and the platinum complex was extracted into isopropylace- 
tone. The extract was injected into the graphite furnace. The sample was 
dried, charred, and atomized using optimal conditions. The resulting 
absorbance was used to determine the platinum content. 


Keyphrases 0 Platinum-determination in serum and ultrafiltrate, 
flameless atomic absorption spectrophotometry Atomic absorption 
spectrophotometry, flameless-determination of platinum in serum and 
ultrafiltrate Analytical techniques-determination of platinum in 
serum and ultrafiltrate by flameless atomic absorption spectrophotom- 
etW 


A procedure to determine platinum levels in serums and 
ultrafiltrates of patients receiving cis-diamminedichlo- 
roplatinum(I1)’ [PtC12(NH&] was investigated. Plati- 


1 Platinol. 


num levels were monitored during a course of treatment 
using both serum and ultrafiltrate samples. 


BACKGROUND 


Several analytical techniques to determine platinum in biological 
samples have been reported, such as neutron activation analysis (l), X-ray 
fluorescence (2), radioisotope dilution (3), flameless atomic absorption 
spectrophotometry (4-7), and high-performance liquid chromatography 
(8). Atomic absorption spectrophotometry has facilitated the determi- 
nation of minute concentrations of metals in biological fluids. Flameless 
atomic absorption spectrophotometry was chosen for this study. 


Previous procedures for platinum estimation in biological fluids using 
this technique involved wet-ashing with nitric acid-perchloric acid for 
sample preparation prior to injection into the graphite furnace. In the 
present study, two parameters had to be considered, the limited volume 
of each serum sample and ultrafiltrate and the number of samples to be 
assayed for platinum content. Wet-ashing was not suitable for the present 
study. Attempts to determine platinum levels in serum and ultrafiltrate 
by direct injection into the graphite furnace with no prior sample treat- 
ment were unsuccessful. The results obtained by direct injection were 
highly variable due to sample splatter within the graphite furnace and 
onto the quartz end-windows during charring. 


The present report describes a technique that involves the formation 
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Table I-Absorbance Data for Standard Platinum Solutions of an organic solvent-extractable platinum complex to overcome sample 
splatter during charring. The procedure has the sensitivity, specificity, 
and ease of operation required for the routine analysis of platinum in 
serum and ultrafiltrate. 


EXPERIMENTAL 


Reagents and Materials-Distilled, deionized water was passed 
through a 0.45-pm hydrophobic filter2. Is~propylacetone~, l-pyrrol- 
idinedithi~carbamate~, nitric acid3, hydrochloric acid3, and cis- 
diamminedichloroplatinum(II)6 were used as received. 


Instrumentation-The atomic absorption spectrometer6 was 
equipped with a graphite furnace and ramp accessory7 and an autosam- 
pler systems. A platinum, hollow cathode lampg was the light source. The 
graphite furnace was supplied with pyrolytic-coated graphite tubes. 
Atomization peak heights of platinum were recorded on a strip-chart 
recorderlo at a chart speed of 10 mm/min and recorder current of 10 
mv. 


Operating Conditions-The optimum parameters for platinum de- 
termination in the test solutions were: drying cycle, 120' for 15 sec with 
a temperature ramp of 10 sec; charring cycle, 1100O for 15 sec with a 
temperature ramp of 15 sec; and atomization cycle, 2700' for 8 sec with 
no ramping. The ramp setting permitted a gradual rise in the furnace 
temperature during each run. The carrier gas was argon at a flow rate of 
40 ml/min. Atomization peak heights were recorded at 265.9 nm, using 
a 3 X  scale expansion. 


Instrument Calibration-When 20 pl of the platinum standard so- 
lution (1 pg/ml) is injected into the furnace, the resulting signal should 
not be <0.6 absorbance unit. 


Preparation of Standard Solutions-Platinum Stock Standard 
Solution--&-Diamminedichloroplatinum(I1) (0.1541 g, 99.8% purity)" 
was weighed accurately into a 1-liter volumetric flask. Distilled, deionized 
water (50 ml) and 20 ml of concentrated hydrochloric acid were added, 
and the mixture was heated gently on a hot plate until dissolution. The 
solution was cooled to room temperature and diluted to volume with 
distilled, deionized water. Each milliliter is equivalent to 100 pg of 
platinum. 


Platinum Working Standard Solution-One milliliter of the platinum 
stock standard solution was diluted to 100.0 ml with distilled, deionized 
water. Each milliliter is equivalent to 1.0 pg of platinum. This solution 
was prepared fresh each working day. 


Ammonium 1 -Pyrrolidinedithiocarbamate Solution, I % in Distilled, 
Deionized Water-If the solution was not clear, it was filtered12. This 
solution was prepared fresh each working day. 


Isopropylacetone was saturated with distilled, deionized water. 
Platinum-Free Serum and Ultrafiltrate13-The ultrafiltrate was 


prepared by filtering serum through ultrafiltrate cones14, which filtered 
out molecules of >50,000 daltons. 


Preparation of Standard Curve-One milliliter of the platinum- 
free serum or ultrafiltrate was pipetted as needed into each of five 16 X 
125-mm screw-capped test tubes. Then 0,25,50,100, and 250 pl of the 
platinum working standard was added to each tube, and the solutions 
were allowed to stand 5 min. Then 0.5 ml of concentrated nitric acid was 
added to each tube and mixed well. The tubes were capped and placed 
in a boiling water bath for 5 min. They then were removed from the bath 
and cooled to room temperature. Distilled, deionized water (5 ml) was 
added to each tube and mixed; then 5.0 ml of 1% ammonium l-pyrrol- 
idinedithiocarbamate solution was added and mixed vigorously for 1 min. 
Then 1.0 ml of isopropylacetone saturated with distilled, deionized water 
was added and mixed vigorously for 2 min. 


The solution was centrifuged for 3 min at 1OOOXg. With a Pasteur 
pipet, the isopropylacetone (upper) layer was transferred carefully to the 
polyethylene sample cups to avoid trapping water droplets in the transfer. 
The instrument was optimized and the sampler was set to 3. The in- 


2 Millipore Corp., Bedford, MA 01730. 
3 ACS grade, Fisher Scientific Co., Pittsburgh, PA 15219. 
4 White Label, Eastman Organic Chemicals, Rochester, NY 14650. 
6 Bristol Laboratories, Division of Bristol-Myers Co., Syracuse, NY 13201. 


Model 460, Perkin-Elmer Corp., Norwalk, CT 06856. 
7 Model HGA2200, Perkin-Elmer Corp., Norwalk, CT 06856. 
8 Model AS-1, Perkin-Elmer Corp., Norwalk, CT 06856. 
9 Intensitron 303-6501, Perkin-Elmer Corp., Norwalk, CT 06856. 


10 Model 156, Perkin-Elmer Corp., Norwalk, CT 06856. 
11 Purity was established by nonaqueous titration with perchloric acid in acetic 


l2 Whatman No. 30 filter paper. 
13 Supplied by U state Medical Center, Syracuse, NY 13210. 
l 4  Centriflo memgrane cones, CFSOA, Amicon Corp., Lexington, MA 02173. 


acid. 


~ _ _ _ _ _ _  


Absorbance Platinum, - 
Solution ng/ml 1 2 3 X 


Serum 
1 25 0.035 
2 50 0.078 
3 100 0.145 
4 250 0.309 


1 25 0.028 
2 50 0.063 
3 100 0.147 
4 250 0.333 


Ultrafiltrate 


0.036 0.036 
0.066 0.069 
0.131 0.140 
0.337 0.341 


0.033 0.035 
0.062 0.064 
0.134 0.140 
0.357 0.344 


0.036 
0.071 
0.139 
0.329 


0.033 
0.063 
0.140 
0.345 


Table XI-Recovery Data for Standard Platinum in Serum and 
Ultrafiltrate versus Standard Platinum in Water 


Platinum Found, 
Platinum Added, ng/ml Recovery, %a 


ng/ml Serum Ultrafiltrate Serum Ultrafiltrate 


50 44.1 39.7 88.2 79.4 
100 92.2 87.5 92.2 87.5 
200 182.6 182.6 91.3 91.6 


Recovery values are an average of three values. 


strument recorded the absorbance of the blank (zero) and each sample. 
The instrument was autozeroed after each blank reading. The three ab- 
sorbance readings of each standard were averaged, and a working curve 
of absorbance versus concentration of platinum was plotted. 


Sample Preparation-One milliliter of serum or ultrafiltrate was 
pipetted into a 16 X 125-mm screw-capped test tube. Then 0.5 ml of 
concentrated nitric acid was added, and sample preparation proceeded 
as already described. The three absorbance readings were averaged, and 
the concentration of platinum was obtained from the working curve. If 
the sample absorbance was greater than the absorbance of the highest 
standard, the sample was diluted with platinum-free serum or ultrafil- 
trate and the determination was repeated. 


If there were more than six samples per run, an additional blank was 
placed at the end of the run and the 100-ng/ml platinum standard was 
rerun to observe any drift in instrument conditions. 


RESULTS AND DISCUSSION 


Initial work on the determination of platinum in serum used whole 
serum injected directly into the furnace without prior treatment. During 
drying, either ramped or unramped, an audible cracking or frying sound 
was heard; at times, a cinder of dried sample was physically ejected from 
the furnace. During charring, ramped or unramped, the sample crusted 
over. As the temperature increased to -350°, the sample literally ex- 
ploded due to improper drying and spattered the quartz end-windows 
with charred sample. Because of these and other problems in direct 
sample injection, another procedure was investigated. 


Ammonium 1-pyrrolidinedithiocarbamate forms organic-soluble 
complexes with over 30 elements, including platinum (9). The platinum 
complex forms in the pH 1-14 range and is extracted quantitatively into 
isopropylacetone in the pH 1-10 range. By heating the sample with nitric 
acid to destroy the protein, the platinum-ammonium l-pyrrolidinedi- 
thiocarbamate complex can be extracted into isopropylacetone to elim- 
inate matrix effecta from the untreated serum or ultraflitrate. Standard 
curves of platinum in serum or ultrafiltrate gave a linear response over 
the 25-250-ng of platinum/ml range when run against platinum in dis- 
tilled, deionized water, but platinum recoveries were low. This low re- 
covery can be improved by preparing the standards in either serum or 
ultrafiltrate as required. 


Table 111-Recovery Data for Standard Platinum in Serum and 
Ultrafiltrate Using Sample Matrix 


Platinum Found, 
Platinum Added, ng/ml Recovery, %a 


ng/ml Serum Ultrafiltrate Serum Ultrafiltrate 


50 47.6 47.1 95.2 94.2 
100 96.6 96.5 96.6 96.5 
200 195.0 194.8 97.5 97.4 


a Recovery values are an average of three values. 
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Table IV-Day-To-Day Variability Data 


Concentration of 
Day Platinum, ng/ml 


1 50 
100 
250 ~~ ~ ~ 


2 50 
100 
250 


3 50 
100 
250 


Average Absorbance 
Serum Ultrafiltrate 


0.081 0.079 
0.160 0.160 
0.390 0.389 
0.073 0.064 
O.i5i 0.140 
0.349 0.324 
0.075 0.071 
0.148 0.140 
0.369 0.352 


Table I contains the absorbance data obtained for a typical standard 
curve of platinum in serum and in ultrafiltrate; the relationship of plat- 
inum to ahrbance was linear in the 0-250-ng/ml range. Table 11 contains 
the recovery data for serum and ultrafiltrate with known amounts of 
standard platinum as compared to similarly treated pure solutions of 
platinum in distilled, deionized water. The recoveries ranged from 79.4 
to 92.2%. This result demonstrates that a standard curve of platinum 
cannot be prepared from distilled, deionized water. Recoveries of plati- 
num from serum and ultratiltrates using the respective matrix to prepare 
the standard curve are shown in Table 111. 


The day-to-day variability data in Table IV indicate that a standard 
working curve must be run each time for significant results. Placement 
of a standard at the end of each sample run is used to monitor the drift 


in instrument conditions during the run. The sampler traysn hold 30 
polyethylene cups, giving a maximum run of four standards and 24 
samples. The pyrolytic-coated graphite furnaces were replaced routinely 
at  -200 injections. Studies were not run to determine the maximum 
number of injections possible with these furnaces. It was necessary to 
optimii the optical alignment and the furnace alignment each day before 
beginning a run. 
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Abstract 0 The aqueous solubility and octanol-water partition coeffi- 
cient of over 100 nonelectrolyte organic liquid solutes are related by the 
simple equation log S, = -1.016 log PC + 0.515, where S, is the molar 
solubility of liquid solutes in water and PC is the experimental partition 
coefficient of the solutes in the octanol-water system. The liquids studied 
represent a wide variety of organic compounds including aliphatic and 
aromatic hydrocarbons, alcohols, esters, ethers, aldehydes, and ketones. 
This finding is in agreement with that reported by Hansch and coworkers. 
However, these results are signficant because only the experimental 
values for the aqueous solubilities and octanol-water partition coeffi- 
cients are included, as opposed to the calculated partition coefficients 
used by Hansch. This relationship is extremely useful in understanding 
the overall solubility and partitioning phenomenon for organic liquids 
and provides a basis for studying crystalline solids and gases. 


Keyphrases 0 Aqueous solubility-aliphatic and aromatic hydrocar- 
bons, liquid nonelectrolytes, experimental values compared with calcu- 
lated values Partitioning-octanol-water partition coefficients, ex- 
perimental values compared with calculated values, aliphatic and aro- 
matic hydrocarbons, liquid nonelectrolytes Hydrocarbons, aliphatic 
and aromatic-aqueous solubility and partition coefficients obtained 


, experimentally compared with calculated values 0 Liquid nonelectro- 
lytes-aliphatic and aromatic hydrocarbons, aqueous solubility and 
partition Coefficients obtained experimentally compared with calculated 
values 


The aqueous solubility and partition coefficient of a 
drug are key parameters in determining its biological ac- 
tivity. The partition coefficient frequently is used in 
quantitative structure-activity studies. Its usefulness in 
the assessment of transport properties of drugs through 


biological membranes, extraction of solutes in aqueous- 
organic liquid systems, measurement of equilibria, and 
design of controlled-release drug delivery systems is well 
documented (14). 


The aqueous solubility of a drug influences the disso- 
lution rate and thus the rate and extent of absorption 
through biological membranes. The efficiency or biological 
performance of drugs from these formulations depends on 
the release and transfer of drug molecules to the systemic 
circulation. The release and transport of drugs are deter- 
mined by solubility and the partition coefficient. The 
combined effects of aqueous solubility and the mem- 
brane-water partition coefficient on absorption were 
quantitatively described by Yalkowsky and coworkers 
(5-8). 


This paper is part of a series dealing with the relation- 
ship between solubility and partitioning and deals exclu- 
sively with liquid nonelectrolyte solutes in water and 
octanol-water partitioning systems. In subsequent con- 
tributions, nonelectrolyte crystalline solids as well as weak 
acids and bases will be investigated. 


There is a direct quantitative relationship between 
aqueous solubility and partitioning. However, due to a lack 
of reliable solubility and partitioning data, attempts to 
quantitate this relationship have met with only limited 
success (9). 


This report demonstrates that there is a simple, nearly 
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Abstract 0 Physicochemical data for patent blue violet dye (I) are re- 
ported. The pKa for protonation of the first diethylanilino group was 2.78 
6 0.03. The absorptivity values calculated for a 1% (w/v) solution of 
previously dried I a t  pH 7.4 were 1650,170, and 250 at  638,412, and 309 
nm, respectively. A table of wavelength maxima and observed solution 
color as a function of pH and Ho and five spectra of I a t  certain pH and 
H, values are included. The solution chemistry of I is explained, and a 
scheme showing its two protonated carbonium ions and its triphenyl- 
carbinol derivative is presented. The distribution coefficients of I in n- 
octanol or chloroform and pH 7.4 phosphate buffer systems were 0.013 
and 0.12, respectively. The approximate solubilities a t  25' of I in six or- 
ganic solvents and the solubility analysis of I in distilled water are re- 
ported. Results of the latter analysis suggest that I forms a lyotropic 
mesophase in high aqueous concentrations. Compound I is poorly lipid 
soluble. Samples of l.OOO% I in 0.9% NaCl, formulated with and without 
1% (v/v) benzyl alcohol and autoclaving, varied not more than 5% from 
the initial I content during storage inthe dark and under constant fluo- 
rescent light a t  25 f 5' for 20 months. Data from the TLC of I in several 
eluents indicated a high degree of purity of the dye. The half-lives for the 
loss of color in 5 X lo-% I solutions in potassium hydroxide solutions 
of pH 13.7,12.7,11.3, and 10.0 were 1.2 hr, 17.0 hr, 9.5 days, and 180 days, 
respectively. The fraction of I bound to 4% (w/v) human serum albumin 
at  37' and pH 7.4 ranged from 0.05 to 0.83, corresponding to unbound 
I in the postdialysis concentration range of 1.7 X to 2.0% (w/v). A 
Scatchard plot of the albumin binding data of I revealed one high-affinity 
binding site, K = 6235 M-l ,  and five low-affinity sites, with average af- 
finity constants of 33 M-l. The data support the fact that the spectro- 
photometric determination of I a t  639 f 2 nm appears to comprise a 
stability-indicating assay. 


Keyphrases Patent blue violet-physicochemical characteristics 0 
Dyes-patent blue violet, physicochemical characteristics 


Patent blue violet (I) is the monosodium salt of a di- 
sulfonated triphenylmethane vital stain, which is used to 
delineate the patency of lymph vessels in the dorsum of the 
hands or feet prior to injection of an iodinized contrast 
medium and subsequent lymphangiography (1-3). Certain 
injectable formulation and nomenclature1 problems (l), 
as well as some structural formula and purity discrepancies 
of I, have been reviewed (4). 


The purpose of this study was to determine values for 
several physicochemical characteristics of I that pertain 
to its pharmaceutical analysis and unique clinical use. The 
concentration of I used for most research studies and all 
injectable solutions prepared under the investigational new 
drug application for administration to humans was limited 
to 1% (wlv) or less because higher concentrations were 
reported (5-8) to produce sarcomas in rodents at the sites 
of repeated subcutaneous injections. The usual human 
dose 'of I injected subcutaneously to assist in visualizing 
lymph vessels is 2-3 ml of a 1% solution normally prepared 
in 0.9% NaC1. 


Synonyms for I (as the 2,4-disulfonate) include patent blue V, blue VRS, al- 
phazurine 2G, sulfan blue, and acid blue l. 


EXPERIMENTAL 


Materials-Purified patent blue violet2 was used as received unless 
otherwise specified. Human serum albumin3 and sterile water for irri- 
gation4 were used as received, and other reagents and solvents were an- 
alytical grade. 


Procedures-Spectral data and the pKa titration were obtained5 in 
5 X 10-90 solutions of 16. Chloroacetic acid (0.01 M), adjusted to the 
appropriate pH with 0.50 N NaOH or HCl, was used for samples in the 
pKa studies, and dilutions of 1.00 N KOH or HzS04 (ACS reagent) in 
distilled water were used for other spectral studies. The pKa was calcu- 
lated (9) using the absorbance values of I solutions determined at  638 
nm: 


pKa = pH + log [(Ao - A)/(A - A+)] (Es. 1) 


where A0 is the absorbance of the nonprotonated species7, A+ is the ab- 
sorbance of the protonated specie@, and A represents the absorbance 
values of the I solutions adjusted to pH values in the range of approximate 
pKa f 1 unit. 


Loss on drying was determined by placing three accurately weighed 
samples of -0.5 g of I into tared glass containers with ground-glass caps 
unaffixed, heating a t  135' for 3 hr, tightly placing the caps on the con- 
tainers, allowing the samples to cool to ambient temperature in a desic- 
cator, and determining the weight until it was constant at f0.5 mg. 


Distribution coefficients were determined with triplicate samples of 
5 X and 5.0 X solutions of I in 0.1 M phosphate buffer (pH 
7.40) previously saturated with n-octanol or chloroform. A 7.0-ml portion 
of aqueous I was transferred to a 15-ml glass tube, 7.0 ml of either n- 
octanol or chloroform saturated previously with the phosphate buffer 
was added, a polyethylene-lined screw cap was tightly affixed, and the 
tube was rotated at 45 rpm for 15 min a t  25 f 0.5' in a water bath in a 
bottle apparatus similar to that described previously (10). The samples 
were allowed to stand at 25' until phase separation occurred. The ab- 
sorbance of the aqueous layer or an appropriate dilution thereof was 
determined at 638 nm, the concentrations of I in both phases were com- 
puted, and the lipid-aqueous distribution ratio was calculated. 


The approximate solubilities of I in certain organic solvents were de- 
termined in triplicate by combining accurately weighed samples of I, -1.5 
g with 95% ethanol and 0.1 g with other solvents, with a specific volume 
of solvent, 5.0 ml of 95% ethanol and 50.0 ml of chloroform, ether, ethyl 
acetate, hexane, and toluene, in a glass tube of appropriate size. The 
mouths of the tubes were covered with aluminum foil, polyethylene-lined 
screw caps were tightly affixed, and the samples were rotated for 24 hr 
at 45 rpm and 25' in the bottle apparatus. The samples were filtered 
through a 0.45-pm membraneg, and 1.0 ml of the 95% ethanol solution 
and 25.0 ml of the other solutions were evaporated and dried to constant 
weight in a tared dish. The weights of the solute residues then were de- 
termined to the nearest 0.1 mg. 


The equilibrium phase solubility analysis of I in water for irrigation4 
was conducted as follows. Accurately weighed samples of I ranging from 


2 Product P-1888 PD, lot 4-1-1, monosodium salt, dark-green luminous powder, 
dye content of -85FJ0, mol. wt. 566.67, Sigma Chemical Co., St. Louis, Mo. 


Product A 9511, lot 34C-8120, mol. wt. 66,300, Sigma Chemical Co., St. Louis, 
Mo. 


* Lot 89-388-DE-5, Abbott Laboratories, North Chicago, Ill. 
5 A Beckman DB-GT, Perkin-Elmer Hitachi 200, or Bausch & Lomb Spectronic 


2000 double-beam spectrophotometer was used to record spectra and absorbance 
values. 


The specimen of I was previously dried to constant weight at 135". 
A. = 0.82 over the pH range of 5.0-11.0 in freshly prepared solutions. 
A+ = 0 in 2.36 N H&04 (H, - 0.4). 


9 MF-Millipore, cellulose esters, Millipore Corp., Bedford, Mass. 
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Table I-Spectral Data for Patent Blue Violet (I) at 5 X 
0.05 M Phosphate Buffer (pH 7.40) a t  25" 


in Table 11-Observed Colors of Patent Blue Violet (I) Solutions 
over Certain pH and Ho Ranges 


Wavelength, 
nm 


Absorptivitya 
I as I Dried 


Received Previously b 


638 f 1 1540 1650 
412 f 1 170 170 
309 f 1 250 250 


Calculated for a 1% solution of I in a 1-cm quartz cell. * Dried to constant weight 
at 135'. 


4.1  g to 5.5 g in 0.5-g increments were combined with 10.0 g of water in 
a 15-ml glass tube. A polytef-lined screw cap was tightly affixed, and the 
cap and tube neck were sealed with silicone rubber cement, which was 
allowed to cure under ambient conditions for 1216 hr. The samples then 
were rotated at 45 rpm and 25 f 0.5' for 24 hr. They were centrifuged at  
2000 rpm for 10 min, and 7-8 ml of the supernate was removed and fil- 
tered through a 0.45-pm membranes. A 5.0-ml tared flask was filled to 
volume (f0.l ml) with the filtrate and weighed, and the contents were 
transferred quantitatively to a tared evaporating dish and dried to con- 
stant weight at 70-75' in an oven. The weights ofthe solute residues were 
recorded to the nearest 0.1 mg. 


A 2.5OOO-g sample of I was diluted to 250.0 ml with 0.9% NaCl or 1.0% 
(v/v) benzyl alcohol in 0.9% NaCl. This solution was filtered through a 
0.22-pm membraneg into clean type I glass vialsl0 and sealed with rubber 
closures" and one-piece aluminum seals. Half of each lot was autoclaved 
a t  121O and 15 psi for 30 min. Several vials from each formulation group 
then were stored at 25 f 5' in the dark or 35 cm from a 15-w fluorescent 
bulb illuminated continuously. The absorbance at  638 n p  of a sample 
representing each set of formulation variables was determined on six 
occasions during a 20-month storage period. 


Solutions of I6 at  5 X 10-90 were prepared in 0.900,0.090,0.009, and 
9 X N KOH and had pH values of 13.71, 12.67, 11.31, and 10.04, 
respectively. The solutions were stored in amber glass bottles sealed with 
plastic screw caps, and their absorbance at  638 nm was recorded at  ap- 
propriate times to quantitate the rate of color fading of I in alkaline so- 
lution at 23 f 2'. 


Seventeen solutions of I, 2 X 10-4-5.00% (w/v), were prepared in 0.067 
M phosphate buffer (p  = 0.2) to suppress the Donnan effect (pH 7.40 f 
0.05). A 4.00% (w/v) human serum albumin solution also was prepared 
in the phosphate buffer. Exactly 1.0 ml of sample solution was delivered 
into one side of a dialysis ce1P partitioned by a cellulose membrane13, 


WAVELENGTH, nm 


Figure 1-Spectra ofpatent blue violet (Z) at 5 X (A-C) or 1.0 
X lO-3% (D and E) at specified pH or H,. Key: A, pH 7.00; B, pH 2.75; 
C, 1.0 ? H, 2 -5.8; D, -7.0 Z H, ? -10.0;and E, ajter24hr in0.90 N 
KOH (pH 13.7). 


lo Wheaton 400,5-ml serum bottle, Wheaton Scientific, Millville, N.J. 
l1 Type 5-63, formulation 1816 gray butyl rubber, West Co., Millville, N.J. 
l2 Constructed of plexiglass, Technilab Instrument Inc., Pequannock, N.J. 
l3 Nominal pore size = 4.8 nm, impermeable to molecules with mol. wt. >6000, 


Technilab Instrument Inc., Pequannock, N.J. 


Approximate 
Wavelength 


pH or H,, Maximum, 
Range Observed Color nma 


4.0-11.0 Blue 638 
2.7-3.5 Green-blueb 638,412 
1.5-2.5 Y ellow-green b 412 


-5.8-1.0' Yellow 418 
-10.O--7.Oc Colorless 273 


The 273-nm value was determined in 0.01% I; other values were determined 
H ,  in 5 X lo-'% I. 


values uia dilutions of sulfuric acid. 
Colors change from left to right corresponding to pH shifts. 


and 1.0 ml of albumin solution was placed into the other cell compart- 
ment. The dialysis samples were incubated for 48 hr a t  37 f 1' in an oven. 
An accurately measured portion of I solution was removed from the cell, 
an appropriate dilution was made when necessary, and the absorbance 
at  638 nm was recorded. The percent of I bound to albumin was deter- 
mined by reading the concentration of the dialyzed I solution from a 
linear Beer's plot for I and subtracting this value from the predialysis 
concentration of I. 


The TLC of I was conducted with 250-pm silica gel plates14 on which 
2 p1 of 0.01% methanolic I was spotted and allowed to dry before elution. 
The TLC plates were eluted with several single- and multicomponent 
solvent systems for a distance of 10.0 cm in a developing tank lined with 
paper to ensure saturation of the atmosphere with eluent vapor. After 
developing and drying under ambient conditions, the plates were ob- 
served in a chambe+ under incandescent and UV light of -254 and 375 
nm. In some eluent systems, the TLC plate was developed a second time 
at  a 90' angle to the first trial to assess any interaction between I and the 
eluent. The Rf values of all samples were measured to the nearest 1.0 
mm. 


RESULTS AND DISCUSSION 


The structure of I shown in Scheme I is that of its recently proposed 
2,5-disulfonate derivative16 (11). However, most publications have as- 
signed sulfonation to positions 2 and 4 (1P14). As depicted by the dotted 
lines, the cationic nitrogen atom exists in resonance between the two 
diethylanilino groups until either the diethylanilino groups are proton- 
ated (I1 and 111) or the central carbon atbm is hydroxylated (IV). The 
mesomerism of diamino- and triaminotriphenylmethane .dyes producing 
quinoidal and benzenoidal (carbonium) ions via resonance equilibrium 
in aqueous solutions has been demonstrated and rationalized (12, 15- 
20). 


Spectral data and color descriptions of I solutibns are reported in Ta- 
bles I and 11. Figure 1 shows the spectra of several I solutions. The pKa 
for the equilibrium between I and TI (Scheme I) was determined spec- 
trophotometrically a t  25O to be 2.78 f 0.03 based on seven samples of pH 
2.78 f 0.56. The titration spectra exhibited an isosbestic point at 505 f 
2 nm. The protonation of one of the diethylanilino groups decreases by 
50% the length of the quinoid-benzenoid resonance system in I. This 
result would be expected to reduce the overlapping of electron orbitals, 
thereby producing the hypsochromic absorbance shift from 638 to 418 
f 2 nm evidenced in Fig. 1 and Table I1 as the acidity of I solutions in- 
creases from pH 4 to H,, -5.8. As indicated in Scheme I, the protonation 
of I also generates a carbonium ion (11) from the central carbon atom of 
the triphenylmethane molecule. 


It has been shown that the second p-diethylamino substituent further 
stabilizes the already stable triphenylcarbonium (trityl) ion (20). In 
sulfuric acid solutions of H,, -7.0 and stronger, and the second diethyl- 
anilino group of I is protonated, thereby precluding quinoidal resonance 
in the trityl ion (111) (15), which causes a hypsochromic shift from 418 
(11) to 273 nm. The pKa for the equilibrium between I1 and 111 was not 
quantitated accurately, possibly because of the interfering association 
of the sulfonate groups, in the solutions of H,, < -5.8. 


Finally, the effect of ethylating the anilino nitrogens and ortho-sul- 
fonating the nonanilino ring of I is to cause a bathochromic shift, as 


l4 Redi-Plates, silica gel GF, 5 X 20 cm or 20 X 20 cm, Fisher Scientific Co., Fair 


l6 Model CC-20 Chromato-Vue Cabinet, Ultra-Violet Producta Inc., San Gabriel, 


l6 The proposed USAN is isosulfan blue. 


Lawn, N.J. 


Calif. 
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compared, for instance, to the quinoidal form of 4,4'-diaminotriphenyl- 
methane (12,13,15,20). One sulfonate group of I confers water solubility 
on the dye, whereas the second group forms a zwittsrion with a diethyl- 
amino group during the final synthetic oxidation step (13). 


Three samples of I dried at  135" to constant weight showed a loss on 
drying of 8.65 f 0.15%. This weight loss apparently represents water since 
thin-layer chromatograms and UV spectra of ether extracts of I showed 
no evidence of a major starting compound, diethylaniline. 


The distribution coefficients (P) for I in n-octanol-pH 7.4 buffer and 
chloroform-pH 7.4 buffer were 0.013 and 0.12, respectively. The exper- 
imental value of P in the chloroform system was 20 times larger than that 
calculated using the value of P obtained from the n-octanol system 
(21): 


log Pchloroform = 1.276 log P n . w o l  + 0.171 (Eq. 2) 


The poor lipophilicity of I may be attributed to its highly polar nature 
in solutions at  physiological pH, i.e., two dissociated sulfonate groups 
and one diethylanilinium ion. These results corroborate the microscopic 
observations that I enters frog capillaries via pores between endothelial 
cells and not via diffusion through the tissue (22) and that it does not 
stain the spinal cord or brain tissues of small mammals (23). 


The approximate solubilities of I in several solvents are reported in 
Table 111. As expected from its P values in n-octanol and chloroform, I 
is virtually insoluble in organic solvents with low dielectric constants. The 
data from the phase solubility analysis of I in distilled water are illus- 
trated in Fig. 2. This graph of solute versus I added appears to be anal- 
ogous to that expected from a plot of a colligative property versus elec- 
trolyte concentration in which more extensive ion association elicits a 
progressive diminishing of the colligative effect (24). It is not discernible 
why at  25" the solubility of sodium chloride is 26.5% (w/w) (25) whereas 


Table 111-Approximate Solubilities of Patent Blue Violet (I) in 
Various Solvents a t  25" 


Solubility, 
Solvent % WIV. 


Alcohol USP 9.8 f 0.4 
Distilled water 242 
Chloroform 4 x 10-5 
Ether <i x 10-5 
Ethyl acetate <1 x 10-5 
Hexanes <1 x 10-5 
Toluene <I x 10-5 


a A f2% volume error in reading the meniscus of alcohol and water solutions of 
1. 


that of I appears to exceed 37% (w/w) (Fig. 2). Furthermore, the molecular 
weight ratio of I to sodium chloride is 9.7. One possibility is that the 
commercially obtained sample of I consisted of various triphenylmethane 
isomers with diethylamino groups in other than just the 4,4'-poeitions 
on two of the benzene rings and/or sulfonate groups in other than posi- 
tions 2 and 5 on the third ring. A mixture of such isomers could result in 
a phase solubility plot comprised of several linear segments (26-28). 
However, the following evidence appears to discredit such conjecture. 


1. The data points on the curve of Fig. 2 cannot be plotted readily as 
a series of, for instance, three- or four-point segments, the intersections 
of which can be delineated clearly. 


2. The precision of the pKa value, 2.78 f 0.03, for the equilibrium 
between I and I1 (Scheme I), as well as the isosbestic point of 505 f 2 nm 
for the pKa titration, indicates that the diethylamino group in only a 
single substituent position, i.e., para to the central triphenylmethyl 
carbon atom, was protonated. The transition from I to I1 causes a hyp- 
sochromic shift of -220 nm, from blue to yellow. This shift could result 
only from shortening of the I resonance system. Furthermore, the intense 
blue color of aqueous I can be attributed only to the quinoidal resonance 
system, which occurs when the two diethylamino groups are para to the 
central triphenylmethyl carbon atom (12,13,15-20). The Occurrence of 
meta-quinones is highly unlikely, and the para-forms are more favored 
than the ortho-forms (12,29). 


3. The dialkylamino group is a highly activating, predominantly 
para-directing, stable quinoidal intermediate, which, when augmented 
by steric hindrance effects, virtually precludes competitive electrophilic 
substitution a t  the ortho- and, less likely, meta-positions (29). The 
synthesis of I requires condensing benzaldehyde-2,5-disulfonic acid with 
diethylaniline (13). It is ostensible that steric hindrance of the former 
to ortho- and meta-attack on diethylaniline should be expected. 


The negative curvature of the Fig. 2 plot most likely is the result of a 
phenomenon involving the association of solvated solute molecules or 
the presence of impurity (2628). The terms solid solutions (26,27), liquid 
crystals, mesophases, and lyotropic mesomorphism have been used to 
define or describe these complex systems (30-34). It is relevant that the 
centrifuged supernates of those aqueous phase solubility analysis samples 
of I that exceeded -15% (w/w) required an unusually high force on the 
syringe plunger to effect filtration through the 0.45-pm membrane. 
Furthermore, the filtered supernates of the aqueous I solubility samples, 


0'401 0.35 
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Figure 2-Plot of phase solubility analysis data for patent blue violet 
(I) in distilled water a t  25 f 0.5". 
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Table LV-Half-Lives for the Loss of Absorbance a t  638 nm of 5 
X Patent Blue Violet (I) in Potassium Hydroxide 
Solutions at 23" 
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Figure 3-Pcatchard plot of ylDfversus y for patent blue violet (Z) over 
the concentratioq range of 2 X 10-4-5.00% (w/u) (3.0 X 10-6-0.075 M) 
Idialyzed against 4% (wlv) (6.03 X loh4 M) humanserumalbuminat 
pH 7.4and37O. 


when wiped onto a tissue paper, possessed a luster and did not exhibit 
capillary migration, which is inherent to isotropic liquids. 


Derivatives of naphthylaminedisulfonic acid have been shown to 
produce lyotropic mesophases in water but not in alcohol (30,35). Fur- 
thermore, none of the aqueous and all of the alcoholic I solubility analysis 
samples were observed to contain undissolved solid material following 
both rotation at 45 rpm for 24 hr and centrifugation at 2000 rpm for 10 
min. This finding suggests that the alcoholic samples consisted of two 
distinct phases whereas the aqueous samples were comprised of a single 
mesophase. Lyotropic mesophases are characterized by unusually high 
viscosity (30, 36) and occurrence in high concentrations of extensively 
hydrated solutes with large dipole moments (24, 30,37). Because I ap- 
pears to be highly dipolar (Scheme I) and its aqueous solutions were 
atypically viscous in concentrations exceeding the solubility of sodium 
chloride, it was concluded that the plot in Fig. 2 represents a lyotropic 
mesophase of I. Several sulfonated and other dyes have shown lyotropic 
mesomorphism in aqueous systems (32). 


The I concentration of samples formulated with 1.000% of I with and 
without 1.0% (v/v) benzyl alcohol, autoclaved and not autoclaved, and 
stored in the dark or under continuous illumination from a fluorescent 
bulb varied from -0.01 to 0.04% (w/v) of I during 20 months of storage 
at 25 i 5O. However, autoclaving at  1 2 1 O  and 15 psi for 30 min appeared 
to cause a 3% initial decrease in the I concentration of samples formulated 
with and without 1.0% (v/v) benzyl alcohol. Similarly, a decrease of -10% 
in the benzyl alcohol c~ncentration'~ was detected upon autoclaving. 
Interaction of I and benzyl alcohol with the rubber closures of the samples 
could be one reason for the decrease in the solution concentrations that 
resulted from autoclaving. 


I dis- 
solved in 0.900,0.090,0.009, and 9 X N KOH at 23 f 2' are reported 
in Table IV. The loss of I absorbance at 638 nm in strongly alkaline so- 
lutions was accompanied by increasing absorbance at  -265 nm and fol- 
lowed apparent first-order kinetics. The conversion rate of the quinoidal 
form of triphenylmethane dyes to their colorless carbinol or leuco bases 
in alkaline media is a recognized means of assessing color fastness (12, 
38). Although reversible, the conversion of I to IV (Scheme I) can be rapid 
in strong alkali, whereas the conversion from IV to I1 is comparatively 
slow, even in more concentrated acid. For instance, 1.0 X lo-% I in 0.80 
N KOH was 99.9% converted to IV in 20 hr a t  23 f 2'. However, when 
this solution was prepared in 3.60 N H2SO4 (Ho -0.7, equivalent I con- 
centration of 8.9 X the dehydroxylation of IV to regenerate I1 
required 30 days. This slowness of the triphenylcarbinol (IV) to trityl ion 
(11) conversion was reported elsewhere (12). Fastness to color fading of 
I in alkaline media is enhanced in decreasing order by the addition of a 


The half-lives for the loss of absorbance at 638 nm of 5 X 


l7 Determined uio UV absorbance at 258 nm. 


Potassium 
Hydroxide 


Concentration, N PH Half-Life 


0.900 13.7 1.2 hr 
0.090 12.7 17.0 hr 
0.009 11.3 9.5 daysa 


9 x 10-4 10.0 180 days" 
One day = 24.0 hr. 


sulfonate, chloro, or methyl group ortho to the central triphenylmethyl 
carbon atom (12). 


It has been demonstrated that sulfonated triphenylmethane vital stains 
are bound to serum albumin prior to their endocytosis by macrophages 
(39). Furthermore, the weaker association between I and albumin com- 
pared to other dyes resulted in its more rapid clearance from, and lesser 
toxicity to, local tissues following repeated subcutaneous injections of 
1% solutions (6). 


A Scatchard plot (40-42) of the data for the binding of I to human 
serum albumin appears in Fig. 3. Because transmembrane equilibrium 
time increased proportionately with I concentration, the data were nor- 
malized to 100% equilibrium via the results of dialyzing I solutions against 
albumin-free phosphate buffer. These blank specimens also accounted 
for contributions of I binding to the dialysis membrane, which did not 
exceed 2% in any case. 


The numbers of binding sites in two classes, n l  and n2, and their cor- 
responding affinity constants, K1 and Kz,  were estimated by an iterative 
procedure of drawing ordinate (y/D,) and abscissa (y) asymptotes to the 
original data plot (41,43). These asymptotic lines were omitted from Fig. 
3 to avoid obscuring the raw data (solid line) and fitted (dashed line) 
curves. One graphical iteration sufficed to produce a curve that was su- 
perimposable with a subsequent iteration of the method used (41,43). 
This method normalized the raw binding data to yield the fitted curve 
for the special case of nH1 = n ~ 2  = 1 (41,42): 


where y is the molar concentration ratio of albumin-bound I to that of 
albumin, Df is the molar concentration of unbound I at  dialysis equilib- 
rium, nH1 and nH2 are the binding cooperativity or Hill coefficients, and 
nl, n2, K1, and Kz are the parameters described earlier. The molarity of 
I was based on its nominal 85% purity2, and that of human serum albumin 
was based on a molecular weight of 66,300 (44,45). 


The error bars on the solid curve in Fig. 3 represent x f 1u for triplicate 
dialysis samples. These bars become more horizontal with increasing y 
because they extend radially in the direction of constant D/ (41). Vari- 
ability of the data tended to increase with increasing values of ylDf be- 
cause of the greater sensitivity of y/Df to small changes in Dj attributed 
to experimental imprecision. Several error bars a t  high values on the 


Table V-Fraction of Patent Blue Violet (I) Bound to 4% (w/v) 
Human Serum Albumin at 37" and pH 7.4 Corresponding to 
Concentrations of I before and after Equilibrium Dialysis 


Fraction of 
I Bound 


Concentration of I, % w/v 
Predialysis Pos tdialysis * 


0.83 
0.79 
0.77 
0.76 
0.75 
0.68 
0.59 
0.48 
0.46 
0.34 
0.26 
0.19 
0.13 
0.14 
0.09 
0.07 
0.05 


2.0 x 10-3 
3.1 X lo-" 
9.8 X 
4.8 X lo-" 
1.95 X 
3.24 x 
5.23 X 
7.57 x 10-2 
0.1020 
0.2030 
0.3490 
0.4930 
0.7700 
1.0100 
1.9500 
3.2000 
4.9600 


1.7 x 10-4 
3.4 x 10-4 
1.1 x 10-3 
5.7 x 10-4 
2.4 X 
5.2 X 
1.07 X 
1.98 X 
2.72 X 
0.0068 
0.1300 
0.1980 
0.3340 
0.4350 
0.8880 
1.4800 
2.3600 


a Refers to unbound 1. 
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y-axis could have resulted from experimental uncertainty in reading the 
meniscuses of I solutions exceeding 0.5% (w/v); they are colored so in- 
tensely as to preclude light transmission. 


The abscissa intercept was extrapolated asymptotically to be 0.8, in- 
dicating a single class of binding site, i.e., n~ = 1. The total y-axis inter- 
cept was 5.6, indicating between five and six total binding sites. Thus, 
by difference, the y-axis intercept for a second class of lower affinity 
binding sites was 4.8, thereby indicating that five binding sites occurred 
in this class, i.e., n2 = 5.  The total ordinate intercept from the fitted curve 
was 6400 M-l, and K1 was extrapolated asymptotically to be 6235 M-l. 
The intercept for the second class of binding sites was, by difference, 165 
M-I. Thus, each of the five binding sites in the second class was assigned 
an average Kz = 33 M-I. 


It was established elsewhere that protein binding has a clinically sig- 
nificant effect on in viuo drug distribution only when K 2 1 X lo4 M-’ 
(46). Therefore, it is understandable why, with K1 N 6000, I can be ob- 
served in the urine of lymphangiography patients within minutes after 
subcutaneous injectionlS (47) and has been used to measure renal 
clearance (48). In fact, when 5-10% (w/v) solutions of I were used in the 
past for lymphangiography, the rapid secretion of I into saliva and tears 
was regularly seen*? 


Table V lists the albumin-bound fractions of I a t  varying concentra- 
tions of I before and after equilibrium dialysis. A plot of the fraction of 
albumin-bound I versus the concentration of unbound I at  dialysis 
equilibrium yielded a curve similar to the curves in Fig. 3. If the total I 
in a 2-3-ml injection of 1% solution were distributed in plasma and ex- 
tracellular fluid, -12 liters in an adult (49), then the I concentration in 
vivo would be in the range of 1.7 X 10-4-2.5 X (w/v), for which 
Table V indicates >80% of I to be albumin bound. Other brief studies of 
I binding to albumin appear to be clinically irrelevant because the I 
concentration used ranged from 0.1 to 11.0% (8,50). 


Based on derived thermodynamic parameters, it has been proposed 
that the binding of sulfonated dyes to albumin involves electrostatic 
attraction between the sulfonate anions and the cationic arginine and 
lysine residues of albumin as well as hydrogen bonds and van der Waals 
forces (51-53). The evidence for both hydrophobic and electrostatic 
bonding was provided in a study (51) that found no binding of a sulfo- 
nated dye to the unpolymerized amino acids arginine and lysine, whereas 
significant binding to bovine serum albumin and salmine occurred. Sal- 
mine is a protamine with an arginine content of 87% (51), while human 
serum albumin contains 23 and 58 residues of arginine and lysine per 
molecule, respectively (45). 


Hill plots (42,54,55), i.e., log @/l - 7)  versus log Or, where7 = y/(nl + nz), were constructed for both the 17 experimental data points on the 
solid curve and the 17 points on the fitted (dashed) curve corresponding 
to the same 01 values (Fig. 3). Regression lines computed for these plots 
had slopes of 0.615 and 0.613 and correlation coefficients of 0.992 and 
0.989, respectively. When solved for several sets of coordinates describing 
the locus of the fitted curve (Fig. 3), the values of the Hill coefficients in 
Eq. 3 were n ~ 1  = n ~ 2  = 1, which mathematically confirmed this curve 
to be a hyperbola. Furthermore, the condition of n ~ 1  = n ~ 2  = 1 occurs 
for two different classes of binding sites only when there is no coopera- 
tivity within the ligand-protein binding system (42,54,55). Therefore, 
it was concluded that neither positive nor negative cooperative binding 
occurred between I and human serum albumin, as evidenced by the in- 
significant difference between the slopes of the Hill plots of the two curves 
in Fig. 3; i.e., the experimental (solid) data curve represents a nearly 
hyperbolic function where n ~ 1  = n H z  = 1. 


The compositions of Eluents A, B, and C, used for the TLC of I, are 
reported in Table VI. Systems A (4) and B19 were used in other TLC 
studies, and System C is similar to that reported elsewhere (56). The Rf 
values for the TLC of I, spotted as 2 ~1 of a 0.01% (w/v) solution in 
methanol and developed over 10.0 cm, allowed to dry for 24 hr, and 
redeveloped at a 90’ angle in Eluents A-C, are reported in Table VII. 
Only a single major spot, indicating a high degree of organic content 
purity in I, was observed following initial development in each eluent. 
The second development in Eluent B resulted in a 0.10-unit decrease in 
the Rf value, which could be attributed to the formation of some IV 
(Scheme I) during the first trial, although only a single visible spot was 
observed under incandescent and UV lamps. The second TLC elution 
of I with Eluent C produced a second, faintly visible spot with Rf 0.31, 
the explanation for which is not evident. However, it is apparent from 


lS Dr. Francis J.  Scholz, Department of Diagnostic Radiology, Lahey Clinic 


l9 Walter C. Stern, Sigma Chemical Co., St. Louis, Mo., personal communica- 
Foundation, Boston, Mass., personal communication. 


tion. 


Table VI-Compositions of Eluents Used for TLC of Patent Blue 
Violet (I) 


Composition, parts by volume 
Acetic Ammonium 


Eluent Acetone Acid Hydroxide 1-Butanol Ethanol Water 


5 
7 


15 15 


- 4 1 


1 - 60 


- Aa - 
B 37 - 19 37 - 
C - 
(I Upper phase of system used. 


Table VII--Rf Values of Patent Blue Violet (I) Spotted as 2 p1 of 
0.01% (w/v) Methanolie Solution and Developed for 10.0 em in 
Eluents A-C 


R, ’Values 
First Second 


Eluenta Trial Trialb 


A 
B 
C 


0.26 0.26 
0.58 0.48‘ 
0.26 0.26d and 0.31 


Compositions are listed in Table VI. * Developed at a 90” angle to the first trial. 
L Because of eluent volatility, the second trial was conducted with fresh eluent. 


Major spot. 


Scheme I and evidence supporting it that the exposure of I to TLC eluents 
containing acid or alkali could produce I derivatives of different po- 
larity. 


As expected from its lipophobic nature, no measurable Rf values were 
observed when the TLC of I was conducted in the following solvents of 
increasing dielectric constant: toluene, ether, chloroform, and ethyl ac- 
etate. However, the TLC of I in the more polar solvents n-butanol, ace- 
tone, and methanol produced visible spots with Rf 0.05,0.42, and 0.72, 
respectively. Preliminary TLC studies showed that 2-pl spots of 
methanolic I solutions exceeding 0.01%, although suggested (56), elicited 
trailing and tailing effects which impaired the resolution of Rr values. 
Perhaps this effect is why 2 4  samples of 5 X lo-% aqueous I specimens 
were evaluated by TLC in an earlier study (4). 


CONCLUSIONS 


Based on the results of spectrophotometric studies of I solutions pre- 
pared in solvents ranging from 0.90 N KOH (pH 13.7) to 96% (w/w) 
HzS04 (H, -1O.O), the quantitative determination of I at 639 f 2 nm 
appears to represent a stability-indicating assay. The results of distri- 
bution coefficient, solubility analysis, and human serum albumin binding 
studies corroborate other evidence suggesting that the in vivo distribution 
of I is limited to plasma and extracellular fluid. Based on the pKa for the 
equilibrium between I and I1 (Scheme I) and on the results of TLC de- 
terminations, I appears to be essentially pure with respect to its organic 
compound content. 
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Abstract A simple and sensitive spectrophotometric method is de- 
scribed for the assay of naphazoline, clemizole, penicillin G sodium, and 
piperaiine. The method was based on the formation of a charge transfer 
complex between these drugs as n-donors and chloranil, the *-acceptor. 
Conformity to Beer’s law enabled the assay of dosage forms of these drugs. 
Compared with official methods, the results obtained were of equal ac- 
curacy. A more detailed investigation of the naphazoline-chloranil 
complex was made with respect to its composition, association constant, 


and free energy change. 


Keyphrases 0 Naphazoline-spectrophotometric assay in dosage forms 
using complex formation with chloranil Clemizole-spectrophoto- 
metric assay in dosage forms using complex formation with chloranil 0 
Penicillin G sodium-spectrophotometric assay in dosage forms using 
complex formation with chloranil Piperazine-spectrophotometric 
assay in dosage forms using complex formation with chloranil 


Naphazoline and clemizole (antihistamines), penicillin 
G sodium (antibiotic), and piperazine (anthelmintic) are 
widely used in pharmaceutical practice. The official 
compendia describe a nonaqueous titration for naphazo- 


line (l), an iodometric titration (2) and microbiological 
assay (3) for penicillin G sodium, and a gravimetric method 
(1) and nonaqueous titration (3) for piperazine. Among the 
methods described for the assay of naphazoline are UV 
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Table I-Average (&SO) Hardness of Tablets in Kilopounds a t  
Various Temperatures ( f 1 ") 


Product -25O 0' 24' 50' 


A0 9.7 f 1.3* 8.2 f 1.2 9.0 f 0.9 7.1 f 0.9 
B' 6.7 f 1.1 6.3 f 1.1 6.0 f 1.2 5.0 f 1.4 
Cd 7.5 f 0.8 6.5 f 0.6 6.6 f 0.6 4.5 zk 0.4 
De 7.1 f 2.4 6.5 f 2.2 6.7 f 1.7 5.8 I 1.3 
Ef 7.4 f 0.7 6.6 f 0.8 7.0 f 1.0 6.0 f 1.0 
FS 7.2 f 0.8 8.6 f 0.8 9.0 f 0.8 6.2 f 0.5 
Gh 15.3 f 2.2 13.6 f 2.2 11.2 f 1.1 5.0 f 0.6 
Belladenal, Sandoz, lot 241 A 8473 (July 1984). * Average of 10 measurements. 


Hydergine, 
Sandoz, lot 764 Y 6460 (July 1981). Methotrerate, Lederle, lot 513-418 (May 1982). 
I P-A-C Compound, Upjohn, lot 670GK (March 1982). 8 PBZ Lontabs (50 me;), lot 
11172 (September 1981). Tedral SA, Warner-Chilcott, lot 2210V075A (July 1980). 


Furadantin (50 mg), Norwich-Eaton, lot 02276 (August 1984). 


Table 11-Average (fSO) Hardness of Tablets in Kilograms a at 
Various Temperatures (f1 O ) 


Product -25' 0' 24' 50' 


Hb 19.9f0.4c 19.7 f0.3 19.450.6 20.0f0.2 
Id 19.8 f 0.4 19.3 f 1.5 17.9 f 1.9 20.2 f 0.3 
J e  19.3 f 0.4 19.9 f 0.2 18.5 f 0.6 19.6 f 0.6 


~ ~~ ~ ~~~ 


0 Pfizer hardness tester. * Gris-PEG, Dorsey, lot L77207 (February 1981). 
C Average of 10 measurements. d Tenuate Dospan. Merrell, lot 155BB (January 
1984). Tral Gradumet, Abbott, lot 53988AF26 (April 19801. 


exist to measure or express the hardness of compressed 
tablets, hardness is a universally used manufacturing 
specification for inprocess control and batch evaluation. 
The embrittlement of compressed tablets at  temperatures 
( - 2 5 - 5 0 O )  likely to be encountered in handling, shipment, 
and storage is of interest. 


EXPERIMENTAL 


Ten commercial products were arbitrarily selected without regard to 
the medicinal compound. The tablets were placed in separate amber glass 
vials a t  ambient temperature and humidity. Tablets were stored in a 
freezer a t  -25' for 20 hr, in an oven at  50' for 20 hr, or in an ice bath at  


0" for 8 hr. Tablets were removed from the constant-temperature 
chambers and immediately measured by means of a motor-driven 
hardness tester', which applied force at  a constant rate. A manual 
hardness tester2 was used only when the hardness exceeded the scale on 
the motor-driven tester. For each product, 10 tablets were measured. 


RESULTS AND DISCUSSION 


The mean hardness and standard deviation of seven commercial tablets 
a t  -25, 0, 24, and 50' are shown in Table I. The mean hardness and 
standard deviation as determined by the manual hardness tester permits 
comparison of hardness a t  various temperatures (Table 11). 


Inspection of Table I suggests a slight decrease in hardness as the 
temperature was increased (--0.02 kilopound/degree) for Products A-E. 
The sustained-release tablets (F and G )  were softest at the highest 
temperature. Wax-like ingredients (carnauba wax and stearyl alcohol), 
which impart a sustained-release pattern, probably soften and become 
more plastic as the temperature rises from room temperature to 50'; this 
effect decreased the hardness by 50% for Tablet G. Since the exact for- 
mulations are unknown, speculation on the form of the curves serves no 
useful purpose. However, the results confirm that for nonconventional 
(sustained-release) tablets, one would not necessarily anticipate a con- 
stant value of the thermal hardness coefficient as was demonstrated for 
the conventional tablets. 


In the temperature range studied, Products H-J had a thermal hard- 
ness coefficient of zero (Table 11). In these products, the medicinal 
compound is held within a matrix. For example, in Product J, the hexo- 
cyclium methylsulfate exists within the channels and pores of a water- 
insoluble matrix of methyl acrylate and methyl methacrylate, which 
maintains a constant hardness a t  the usual temperatures of handling and 
storage. 


REFERENCES 


(1) "Chemical Engineers' Handbook," 4th ed., R. H. Perry, C. H. 
Chilton, and S. D. Kirkpatrick, a s . ,  McGraw-Hill, New York, N.Y., 1963, 
pp. 12-40. 
(2) M. W. Biddulph, Conserv. Recycling, 1,281 (1977). 
(3) J. H. Bilbrey, Jr., and E. G. Valdez, Cryog. Eng., 20,411 (1975). 


Schleuniger model 23/205, Vector Corp., Marion, IA 52302. 
Pfizer Co., New York, NY 10017. 


Dry Column Chromatographic Procedure for 
Rapid Concentration of Biological Activity in Natural 
Products Fractionation 


GERARD C. HOKANSON" and NANCY J. MATYUNAS 
Received June 13,1980, from the College of Pharmacy and Allied Health Professions, Wayne State University, Detroit, MI 48202. 
for publication August 28, 1980. 


Accepted 


Abstract 0 A dry column chromatographic procedure is described. It 
allows for the rapid concentration of biologically active materials in 
natural products fractionation. The potential value of the technique is 
described, utilizing as an example the separation of an anticancer active 
fraction obtained from Euphorbia cyparissias. 


Keyphrases 0 Column chromatography, dry-rapid concentration of 
biological activity, natural products fractionation Euphorbia cypar- 
issias-separation of anticancer active fraction, dry column chroma- 
tography Separation-biological activity in natural products, dry 
column chromatography 


One of the largest and most successful plant screening 
programs in recent years has been coordinated by the U.S. 


National Cancer Institute to discover new naturally oc- 
curring tumor inhibitors (1-3). As part of this effort, this 
laboratory established an extensive program to screen the 
higher plants of southeastern Michigan for anticancer 
activity and to isolate active plant constituents. As with 
all work of this type, the successful completion of frac- 
tionation studies depends largely on the rapid concen- 
tration of active materials into simplified fractions so that 
maximal effort can be directed toward purification of ac- 
tive plant components. To facilitate this process, a method 
was sought that would rapidly indicate which plant con- 
stituents were responsible for activity observed with crude 
plant extracts. 
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Table I S e p a r a t i o n  Results and Biological Activity of Fractions Obtained from Dry Column Chromatography of E. cyparissias 
Chloroform Fraction 


Band PS Activity, 
Position", Weightb, Elution best % T/C KB Activity, 


Fraction cm me SolventC (Dosage. me/ke) EDm. d m l  
Ethanol - 


Chloroform - 
A Eluted 
B 0-8 


D 12-24 
E 24-28 
F 28-40 
G 40-44 
H 44-56 
I 56-60 


extract 


fraction 


C a 1 2  


- - 147 (12.5) 


- - 141 (4) 


43 Benzene-hexane (1:l) 105 (1) 
40 Benzene-hexane (31) 109 (2) 
27 Benzene 108 (4) 
54 Benzene-chloroform (1:l) 100 (2) 
20 Benzene-chloroform (1585) 123 (0.5) 
48 Chloroform 115 (2) 
60 Chloroform 115 (2) 
27 Chloroform-methanol (982) 135 (1) 


189 Chloroform-methanol (9:l) 119 (4) 


30 


7.5 


70 
70 


23 
17 
29 
26 
28 
70 


2.2 


0 Position of band from bottom of a 60-cm column. b Amount recovered from a 525-mg sample. C Solvent required to obtain similar materials via gradient-elution 
column chromatography on a separate 9-g sample. 


Various methods have been described for the fraction- 
ation of anticancer active plant extracts (3,4). Unfortu- 
nately, conventional techniques may require considerable 
time and effort before work can be focused on active 
fractions. One method that has not been utilized exten- 
sively in natural products fractionation is dry column 
chromatography, although procedures have been available 
(5-8). Dry column chromatography usually is employed 
to scale-up preparative TLC procedures in the final puri- 
fication of materials. Because dry column chromatographic 
procedures can be performed in one afternoon, the method 
is ideal for initial fractionation. Complex mixtures may be 
separated into 10 or more fractions whose bioassay may 
provide a clue to the material responsible for the observed 
anticancer activity. Larger scale procedures then may be 
utilized to prepare sufficient quantities of the active 
fraction for purification and structural analysis. 


The described dry column procedure has been suc- 
cessfully employed in the preliminary analysis of several 
plants including Euphorbia cyparissias L. (Euphorbi- 
aceae), which is presented here as an examp1el. 


EXPERIMENTAL 


Materials and General Procedures-TLC was performed on pre- 
coated silica gel plates2, developed in chloroform-ether (955) and visu- 
alized by spraying with 3% ceric sulfate in 3 N HzS04, followed by heating 
at 110' for 10 min. Dry column chromatography utilized silica gel3 packed 
into 4-cm (flat) nylon tubing4. Silica gel activity on the Brockmann scale 
(9) was analyzed using p-dimethylaminoa~obenzene~ according to es- 
tablished procedures (6). Column chromatography was performed on 
silica gel SO6 (70-230 mesh). Plant material7 was collected from selected 
areas of southeastern lower Michigan, air dried, and milled to a fine 
powder. 


Extraction and Preliminary Fractionation-Dried and milled E. 
cyparissias (all plant parts), 520 g, was macerated in ethanol (95%) at  
rmm temperature for 24 hr. Following filtration of the plant material and 
concentration of the filtrate in uacuo, the ethanolic extract (97.4 g) was 
partitioned between equal volumes of chloroform and water. Separation 
of the organic layer and concentration in U ~ C U O  yielded 34.3 g of a dark- 
green tar (chloroform fraction). 


Complete details concernin E cyparissias fractionation and structural work 


Woelm Pharma, Eschwege, West Germany. 


E. Merck, Darmstadt, West Germany. 
The plant material was identified as Eupphorbia cyparissias L. (Euphorbiaceae) 


by Dr. C. M. Rogers. Department of Biology, Wayne State University. A voucher 
specimen (No. 16218) is preserved in the Wayne State University Department of 
Biology Herbarium. 


on isolated materials will be pu%liahed. 
2 Analtech. 


' Universal Scientific. 
6 Aldrich Chemical Co. 


Dry Column Chromatography-An 80-cm length of nylon tubing 
was sealed at  one end by folding the tubing several times and stapling. 
Holes were punched above the seal, allowing for drainage and escape of 
air during column packing, and a small pad of glass wool was inserted 
above the holes. Silica gel (175 g) was added in six or seven portions, and 
the column was compacted by sharply tapping or vibrating the sides while 
firmly grasping the column just above the adsorbent layer. Following 
addition of the final portion of adsorbent and compacting as before, the 
top of the column was uniformly cbmpressed by inserting an inverted 
stopper (of the same approximate diameter as the column) attached to 
a glass rod and exerting pressure on the top of the column. 


The sample to be chromatographed, 525 mg of the chloroform fraction, 
was dissolved in chloroform and added to 2 g of diatomaceous eartha. The 
resulting mixture, evaporated to dryness in uacuo, was ground to a 
powder in a mortar and added to the top of the column. Following com- 
pression of the sample layer from the top, the column was completed by 
the addition of a 2-3-cm layer of sand. The prepared column, measuring 
-2.5 X 60 cm, was supported by inserting a piece of open glass tubing into 
the open end and clamping the glass and nylon tubing together. Two 
additional clamps were added further down the column for support. 


Column development was effected by adding the developing solvent 
(chloroform-ether, 95:5) under a constant liquid head of 3-5 cm. Sepa- 
ration of pigmented bands was observed within the first 10-15 cm, with 
further separation achieved as development continued. Additional sol- 
vent was added until yellow pigmented materials, moving with the solvent 
front, eluted from the column. The total development time was -45 min, 
requiring 450 ml of solvent. 


Immediately upon completion of column development, the column was 
laid on its side and sliced into 15 4-cm bands. Following extraction of 
adsorbent fractions with ether-methanol combinations, filtration, and 
concentration of the filtrates in uacuo, the extracted materials were 
compared by TLC and similar fractions were combined. Separation re- 
sults and data from subsequent biological assap are summarized in Table 
I. 


Gradient Elution Column Chromatography-A 9-g sample of the 
chloroform fraction was chromatographed on 450 g of silica gel, eluting 
with combinations of hexane, benzene, chloroform, and methanol. A total 
of 165 fractions (125 ml each) was collected and combined on the basis 
of TLC behavior. Solvents required to elute materials similar to dry 
column chromatographic fractions are indicated in Table 1. 


RESULTS 


As indicated in Table I, an ethanolic extract of E. cyparissias possessed 
activity in the P-388 (PS) lymphocytic leukemia in uiuo assay in mice (an 
active fraction possesses a percent T/C value of b130). Following solvent 
partitioning between chloroform and water, the activity was shown to 
reside in the chloroform fraction, which also demonstrated activity in 
the 9KB carcinoma of the nasopharynx in uitro assay (activity is indicated 
by ED60 values of 620 pg/ml for crude fractions and of 6 4  pgfml for pu- 
rified materials). TLC analysis of the active chloroform fraction indicated 


Celite, Fisher Scientific Co. 
Extracts and fractions were tested under the auspices of the Developmental 


Therapeutics Program, National Cancer Institute (10). 
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it to be a complex mixture, containing a minimum of 20 components. No 
information was available to indicate which component was responsible 
for the observed activity. 


The results of dry column separation of the chloroform fraction indi- 
cated the presence of a t  least two active materials (Table I), a higher Rf 
fraction (Fraction C) possessing in uitro KB activity and a more polar 
fraction (Fraction H) possessing PS activity. While certain additional 
fractions possessed marginal KB activity, subsequent fractionation efforts 
were directed at  the two most active materials. With biological data 
available from dry column chromatographic analysis, larger scale gra- 
dient-elution column chromatographic procedures could be aimed spe- 
cifically at the resupply of the active materials. 


DISCUSSION 


The complex nature of the biologically active E. cyparissias chloroform 
fraction presented a formidable challenge to the dry column chromato- 
graphic technique. Although all components of this mixture were not 
separated completely (some fractions contain more than one component), 
useful separation was achieved and, on the basis of dry column chroma- 
tographic results, subsequent efforts could be directed toward a limited 
group of materials possessing bioactivity. The value of the dry column 
technique in the preliminary analysis of a complex active fraction thus 
was demonstrated. In examples not presented here, pure materials could 
be isolated and their activity determined directly from the dry column 
procedure. 


In certain investigations involving the fractionation of biologically 
active plant or fermentation extra&, a previously isolated active material 
may be presumed to be responsible for the observed activity based on 
phytochemical or chemotaxonomic information. Much effort may be 
saved in these instances by employing the dry column chromatographic 
procedure as the initial fractionation step. If the R/ of the material is 
known, the corresponding dry column chromatographic band can be 
obtained and analyzed for activity as well as for the presence of the known 
compound. 


As indicated in Table I, a developing solvent for dry column chroma- 
tographic analysis can be utilized that will produce results roughly similar 
to those obtained from extensive column chromatographic procedures. 
By employing dry column procedures first, however, careful liquid 


chromatographic techniques need only be employed to separate com- 
ponents of active fractions, allowing inactive materials to be collected 
together. Thus, some time, effort, and expense of conventional techniques 
may be saved. 


The described dry column technique represents only minor modifi- 
cation of previously described dry column chromatographic techniques. 
Although such methods have not been heavily utilized by the natural 
product chemist, they should become increasingly important in improving 
the efficiency and speed of fractionation efforts. 
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Abstract 0 Sodium sulfate can be used to enhance the conjugation of 
phenolic drugs with sulfate and to treat hypercalcemia. It is thought that 
sulfate ion is absorbed slowly and incompletely from the digestive tract. 
The purposes of this investigation were to determine the absorption of 
a large amount of sodium sulfate Il8.l g as the decahydrate, equivalent 
to 8.0 g of the anhydrous salt) and to compare the bioavailability when 
this amount is administered orally to normal subjects as a single dose and 
as four equally divided hourly doses. The 72-hr urinary recovery of free 
sulfate following single and divided doses was 53.4 f 15.8 and 61.8 f 7.8%, 
respectively (mean f SD, n=5, p > 0.2). The single dose produced severe 
diarrhea while the divided doses caused only mild or no diarrhea. Thus, 


Humans and animals have a limited capacity to conju- 
gate phenolic drugs with sulfate (1-5). The limiting factor 
is the availability of sulfate ion rather than its activation 
or the transfer of activated sulfate to the acceptor molecule 
(3, 5). Sulfate ion is acquired by the body partly as such 


a large amount of sodium sulfate, when administered orally in divided 
doses over 3 hr, is well tolerated and is absorbed to a significant extent. 
Orally administered sodium sulfate may be useful for the early treatment 
of acetaminophen overdose. 


Keyphrases 0 Sodium sulfate-absorption after oral administration, 
single and divided doses, bioavailability, humans 0 Acetaminophen-use 
of qodium sulfate for early treatment of toxicity, absorption of orally 
administered sodium sulfate, single and divided doses Bioavailabil- 
ity-sodium sulfate, comparison of single and divided doses, role in 
treatment of acetaminophen toxicity 


from dietary sources and partly by oxidation of cysteine 
and methionine (6). The possibility of enhancing the for- 
mation of phenolic sulfates by direct administration of 
inorganic sulfate was first proposed in 1876 and has been 
demonstrated by several investigators (6, 7). Typically, 
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Table IV-Day-To-Day Variability Data 


Concentration of 
Day Platinum, ng/ml 


1 50 
100 
250 ~~ ~ ~ 


2 50 
100 
250 


3 50 
100 
250 


Average Absorbance 
Serum Ultrafiltrate 


0.081 0.079 
0.160 0.160 
0.390 0.389 
0.073 0.064 
O.i5i 0.140 
0.349 0.324 
0.075 0.071 
0.148 0.140 
0.369 0.352 


Table I contains the absorbance data obtained for a typical standard 
curve of platinum in serum and in ultrafiltrate; the relationship of plat- 
inum to ahrbance was linear in the 0-250-ng/ml range. Table 11 contains 
the recovery data for serum and ultrafiltrate with known amounts of 
standard platinum as compared to similarly treated pure solutions of 
platinum in distilled, deionized water. The recoveries ranged from 79.4 
to 92.2%. This result demonstrates that a standard curve of platinum 
cannot be prepared from distilled, deionized water. Recoveries of plati- 
num from serum and ultratiltrates using the respective matrix to prepare 
the standard curve are shown in Table 111. 


The day-to-day variability data in Table IV indicate that a standard 
working curve must be run each time for significant results. Placement 
of a standard at the end of each sample run is used to monitor the drift 


in instrument conditions during the run. The sampler traysn hold 30 
polyethylene cups, giving a maximum run of four standards and 24 
samples. The pyrolytic-coated graphite furnaces were replaced routinely 
at  -200 injections. Studies were not run to determine the maximum 
number of injections possible with these furnaces. It was necessary to 
optimii the optical alignment and the furnace alignment each day before 
beginning a run. 
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Abstract 0 The aqueous solubility and octanol-water partition coeffi- 
cient of over 100 nonelectrolyte organic liquid solutes are related by the 
simple equation log S, = -1.016 log PC + 0.515, where S, is the molar 
solubility of liquid solutes in water and PC is the experimental partition 
coefficient of the solutes in the octanol-water system. The liquids studied 
represent a wide variety of organic compounds including aliphatic and 
aromatic hydrocarbons, alcohols, esters, ethers, aldehydes, and ketones. 
This finding is in agreement with that reported by Hansch and coworkers. 
However, these results are signficant because only the experimental 
values for the aqueous solubilities and octanol-water partition coeffi- 
cients are included, as opposed to the calculated partition coefficients 
used by Hansch. This relationship is extremely useful in understanding 
the overall solubility and partitioning phenomenon for organic liquids 
and provides a basis for studying crystalline solids and gases. 


Keyphrases 0 Aqueous solubility-aliphatic and aromatic hydrocar- 
bons, liquid nonelectrolytes, experimental values compared with calcu- 
lated values Partitioning-octanol-water partition coefficients, ex- 
perimental values compared with calculated values, aliphatic and aro- 
matic hydrocarbons, liquid nonelectrolytes Hydrocarbons, aliphatic 
and aromatic-aqueous solubility and partition coefficients obtained 


, experimentally compared with calculated values 0 Liquid nonelectro- 
lytes-aliphatic and aromatic hydrocarbons, aqueous solubility and 
partition Coefficients obtained experimentally compared with calculated 
values 


The aqueous solubility and partition coefficient of a 
drug are key parameters in determining its biological ac- 
tivity. The partition coefficient frequently is used in 
quantitative structure-activity studies. Its usefulness in 
the assessment of transport properties of drugs through 


biological membranes, extraction of solutes in aqueous- 
organic liquid systems, measurement of equilibria, and 
design of controlled-release drug delivery systems is well 
documented (14). 


The aqueous solubility of a drug influences the disso- 
lution rate and thus the rate and extent of absorption 
through biological membranes. The efficiency or biological 
performance of drugs from these formulations depends on 
the release and transfer of drug molecules to the systemic 
circulation. The release and transport of drugs are deter- 
mined by solubility and the partition coefficient. The 
combined effects of aqueous solubility and the mem- 
brane-water partition coefficient on absorption were 
quantitatively described by Yalkowsky and coworkers 
(5-8). 


This paper is part of a series dealing with the relation- 
ship between solubility and partitioning and deals exclu- 
sively with liquid nonelectrolyte solutes in water and 
octanol-water partitioning systems. In subsequent con- 
tributions, nonelectrolyte crystalline solids as well as weak 
acids and bases will be investigated. 


There is a direct quantitative relationship between 
aqueous solubility and partitioning. However, due to a lack 
of reliable solubility and partitioning data, attempts to 
quantitate this relationship have met with only limited 
success (9). 


This report demonstrates that there is a simple, nearly 


502 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 5, May 1981 


0022-3549f 8 11 0500-0502$0 1. OOf 0 
@ 198 1, American Pharmaceutical Association 







quantitative relationship between aqueous solubility and 
the partition coefficient for nonionizable liquids and that 
significant deviation from this relationship is justifiable 


EXPERIMENTAL 


hluteeSeveral nonelectrole solutes, which are liquids at rOOm 
temperature (mp 5 250) and for which aqueous solubility data (between 


reason to question the accuracy of the data. 20 and 40°) as well as experimental partition coefficient data in octa- 


Table I-Observed Aqueous Solubility, Octanol-Water Partition Coefficient (PC), and Aqueous Solubility Predicted by Eq. 3 for 
Liquid Nonelectrolytes 


Experi- Observed Observed Log Experi- Observed Observed Log 
mental Log Log Solubility mental Log Log Solubility 


Log Molar Solubility Predicted Log Molar Solubility Predicted 
Solute PC Solubility Average by Eq. 3 Solute PC Solubility Average by Eq. 3 


Carbon tetra- 
chloride 


Chloroform 


Methylene 
chloride 


Methyl 
iodide 


Nitro- 
methane 


Trichloro- 
ethylene 


Ethylidene 
chloride 


Ethylene 
dichloride 


Ethyl 


Ethyl 


bromide 


chloride 


Ethyl- 


Nitro- 
iodide 


ethane 


nitrile 


nitrile 


acetate 


Acylo- 


Propio- 


Methyl 


1,3-Dichloro- 
propane 


Propyl 
bromide 


1-Nitro- 
propane 


Propyl 
chloride 


Isopropyl 
chloride 


Methylal 
Furan 
Thiophene 


diene 
2-Bromo- 


butvric 


1,3-BuG- 


2.83 


1.96 


1.25 


1.69 


-0.34 


2.29 


1.79 


1.48 


1.61 


1.43 


2.00 


0.18 


-0.92 


0.10 


0.18 


2.00 


2.10 


0.87 


2.04 


1.90 


0.00 
1.34 
1.81 
1.99 


1.42 


-1.99 
-2.24 
-2.28 
-2.28 
-2.30 
-0.95 
-1.19 
-1.16 
-1.16 
-0.40 
-0.81 
-0.63 
-0.81 
-0.63 
-1.01 
-1.02 


0.22 
0.19 
0.19 


-2.12 


-1.26 
-1.29 
-1.04 
-1.06 
-1.06 
-1.04 
-1.06 
-1.08 
-1.08 
-0.93 
-1.05 
-1.03 
-1.05 
-1.59 
-1.60 
-0.44 
-0.22 
-0.22 


0.14 
0.17 
0.14 
0.33 
0.32 
0.52 


-0.18 
0.63 
0.65 
0.63 


-1.60 
-1.60 
-1.62 
-1.69 
-1.73 
-0.80 


-1.46 


-1.40 


0.64 
-0.83 
-1.45 
-1.86 


-0.40 


-2.22 


-1.12 


-0.65 


-1.01 


0.20 


-2.20 


-1.27 


-1.05 


-1.07 


-1.02 


-1.60 


-0.29 


0.15 


0.33 


0.45 


-1.60 


-1.71 


-0.80 


-1.46 


-1.40 


0.64 
-0.83 
-1.45 
-1.86 


-0.40 


-2.36 


-1.48 


-0.75 


-1.20 


0.86 


-1.82 


-1.30 


-0.99 


-1.12 


-0.94 


-1.52 


0.33 


1.45 


0.41 


0.33 


-1.52 


-1.62 


-0.37 


-1.55 


-1.41 


0.52 
-0.84 
-1.33 
-1.51 


-0.92 


Methyl 0.35 
ethyl 
ketone 


Propyl 0.83 


Vinyl 1.04 


Ethyl 0.70 


formate 


ethyl 
ether 


acetate 


n-Butyl 


1-Nitro- 
chloride 


2.64 


1.47 
butane 


nitrate 


alcohol 


n-Butyl 2.15 


n -Butyl 0.89 


3 


see-Butyl 0.61 
alcohol 


Isobutyl 0.75 
alcohol 


0.58 
0.55 
0.52 
0.58 
0.55 
0.52 
0.27 
0.57 
0.58 


-0.50 
-0.51 
-0.54 
-0.90 


-0.02 
-0.04 
-0.06 
-0.08 
-0.10 
-0.14 
-0.05 
-0.05 
-0.01 
-0.08 
-2.14 
-2.10 
-1.46 


-2.19 


0.01 
-0.03 
-0.05 


0.00 
-0.03 


0.03 
-0.01 


0.00 
0.02 
0.00 


-0.02 
-0.04 
-0.05 


0.03 
-0.02 
-0.05 
-0.03 


0.00 
-0.01 


0.00 
0.03 
0.08 
0.02 


-0.02 
-0.05 


0.38 
0.35 
0.40 
0.52 
0.23 
0.48 
0.07 
0.08 
0.13 
0.04 
0.02 


0.52 


-0.52 


-0.90 


-0.06 


-2.12 


-1.46 


-2.19 


-0.01 


0.39 


0.06 


0.16 


-0.33 


-0.55 


-0.19 


-2.16 


-0.98 


-1.67 


-0.38 


-0.10 


-0.25 


acid 0.01 
(continued) 
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Table I-Continued 
Experi- Observed Observed Log Experi- Observed Observed Log 
mental Log Log Solubility mental Log Log Solubility 


Log Molar Solubility Predicted Log Molar Solubility Predicted 
Solute PC Solubility Average by Eq. 3 Solute PC Solubility Average by Eq. 3 


Diethyl 
ether 


1-Butane- 
thiol 


Ethyl 
sulfide 


1,4-Penta- 
diene 


Ethyl 
propionate 


1-Pentanol 


3-Pentanol 


3-Methyl- 
2-butanol 


2,2-Dimethyl- 
1-propanol 


2-Methyl- 
1-butanol 


Isopentyl 
alcohol 


tert-Pentyl 
alcohol 


Ethyl 
methylal 


o-Dichloro- 
benzene 


rn-Dichloro- 
benzene 


Bromo- 
benzene 


Chloro- 
benzene 


Fluoro- 
benzene 


Iodobenzene 


0.83 


2.28 


1.95 


1.48 


1.21 


1.48 


1.21 


1.28 


1.34 


1.29 


1.29 


0.89 


0.84 


3.38 


3.38 


2.99 


2.84 


2.27 


3.25 


-0.09 
-0.03 
-0.09 
-0.01 
-0.03 
-0.09 
-0.14 
-0.06 
-0.14 
-0.09 
-0.03 
-0.09 
-0.01 
-0.03 
-2.08 


-1.47 
-1.46 
-2.09 


-0.77 
-0.63 
-0.77 
-0.60 
-0.62 
-0.60 
-0.57 
-0.62 
-0.67 
-0.57 
-0.60 
-0.64 
-0.64 
-0.60 
-0.50 
-0.60 
-0.51 
-0.20 
-0.23 
-0.27 
-0.28 
-0.22 
-0.21 
-0.16 
-0.20 
-0.24 
-0.26 
-0.37 
-0.40 
-0.43 
-0.44 
-0.44 
-0.44 
-0.47 
-0.49 
-0.53 
-0.52 
-0.52 


0.20 


-0.17 


-3.01 
-3.26 
-3.08 


-2.58 
-2.50 


-2.35 
-2.36 
-2.36 
-2.36 
-1.80 
-2.32 
-1.79 
-1.80 
-1.80 
-3.05 
-2.78 


-2:lO 


-0.06 


-2.08 


-1.46 


-2.09 


-0.72 


-0.60 


-0.23 


-0.21 


-0.42 


-0.48 


-0.52 


0.20 


-0.17 


-3.13 


-3.08 


-2.39 


-2.26 


-1.79 


-2.87 


-0.32 


-1.80 


-1.46 


-0.99 


-0.72 


-0.99 


-0.71 


-0.78 


-0.84 


-0.79 


-0.79 


-0.39 


-0.34 


-2.92 


-2.92 


-2.52 


-2.37 


-1.79 


-2.79 


Nitrobenzene 


Benzene 


An i 1 in e 


1,4-Cyclo- 
hexadiene 


Phenyl- 
hydrazine 


Cyclohexene 


1,5-Hexa- 
diene 


Cyclo- 
hexanone 


Cyclo- 
hexane 


Methyl 
butyl 
ketone 


Cyclo- 
hexanol 


n-Caproic 
acid 


1.87 


2.01 


0.93 


2.30 


1.25 


2.86 


2.45 


0.81 


3.44 


1.38 


1.23 


1.90 


~ 


-2.19 
-2.16 
-2.14 
-2.11 
-2.01 
-1.80 
-2.09 
-1.66 
-1.65 
-1.65 
-1.64 
-1.63 
-1.61 
-1.57 
-1.57 
-1.65 
-1.65 
-1.62 
-1.63 
-1.64 
-1.63 
-1.61 
-1.64 
-1.64 
-1.64 
-1.71 
-1.74 
-1.64 
-1.63 


-1.64 
-1.65 
-1.71 
-2.05 
-0.39 


0.10 
-2.06 
-1.93 
-1.92 


0.07 


-2.59 
-2.44 
-2.43 
-2.80 
-2.80 
-2.69 


-0.61 
-0.05 
-3.18 
-2.98 
-2.98 
-3.10 
-3.17 
-3.02 
-0.76 
-0.76 
-0.78 
-0.85 
-0.78 
-0.85 
-0.76 
-0.79 
-0.82 
-0.69 
-0.84 
-0.46 
-1.66 


0.07 
-0.25 
-0.44 
-0.49 
-0.41 
-1.08 
-1.06 
-1.03 
-1.17 
- 1.06 
-1.02 


-1.61 


-2.07 


-1.66 


-0.15 


-1.97 


0.07 


-2.61 


-2.69 


-0.33 


-3.07 


-0.83 


-0.30 


-1.07 


-1.38 


-1.53 


-0.43 


-1.82 


-0.75 


-2.39 


-1.97 


-0.30 


-2.98 


-0.89 


-0.73 


-1.41 


-. . - 
-2.78 
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Table I- Con timed 
Experi- Observed Observed Log Experi- Observed Observed Log 
mental Log Log Solubility mental Log Log Solubility 


Log Molar Solubility Predicted Log Molar Solubility Predicted 
Solute PC Solubility Average by Eq. 3 Solute PC Solubility Average by Eq. 3 


~ 


3.82 


3.85 


2.03 


-3.67 
-3.56 
-3.61 
-3.58 
-3.65 
-1.24 
-1.27 
-1.29 
-1.21 
-1.22 
-1.22 
-1.26 
-1.26 
-1.25 
-1.16 
-1.23 
-1.23 
-1.24 
-1.25 
-0.59 
-0.62 
-0.66 
-0.72 
-1.32 
-1.28 
-1.61 
-1.53 
-1.61 
-1.61 
-0.37 
-0.54 


-0.83 


-2.51 


-1.18 
-1.21 
-1.40 
-1.21 
-1.49 
-1.48 
-1.43 
-1.21 
-1.51 
-1.51 
-1.57 
-2.53 


-2.53 


-2.32 


-2.44 


-2.22 
-2.27 
-2.27 
-2.28 
-2.42 
-2.24 
-2.17 
-2.24 
-2.25 
-2.17 
-2.14 
-2.21 
-0.47 
-0.43 
-2.35 


-2.54 
-1.95 
-1.73 
-1.75 
-1.33 
-1.28 
-0.88 


-3.61 


-3.62 


-1.24 


-3.37 


-3.40 


-1.55 


o-Xylene 


m-Xylene 


2.95 


3.20 


3.15 


3.15 


1.36 


1.59 


1.59 


1.16 


2.51 
3.15 


2.82 


2.75 


2.03 
1.90 


2.64 


3.63 


3.66 


3.42 


1.88 


2.99 


4.28 


5.13 


4.14 


2.54 


-2.72 -2.76 -2.48 
-2.78 
-2.79 
-2.70 
-2.80 
-2.79 -2.82 -2.74 
-2.73 
-2.86 
-2.82 
-2.90 


2,2-Dimethyl- 
butane 


2,3-Dimethyl- 
butane 


1-Hexanol 


p-Xylene -2.77 -2.69 -2.72 
-2.73 
-2.83 
-2.76 
-2.83 
-2.80 
-2.71 
-2.84 
-2.82 
-2.82 
-2.78 
-2.91 
-2.79 
-2.85 
-0.79 
-0.70 
-0.39 


Ethyl- 
benzene 


-2.81 -2.69 


3,3-Dirnethyl- 
2-butanol 


1.48 


2.03 


-0.65 -0.99 


Propyl 
ether 


-1.49 -1.55 
-0.74 


-0.39 


-0.87 


-1.10 


2-Phenyl- 
ethanol 


o-Methyl- 
benzyl 
alcohol 


p -Methyl- 
benzyl 
alcohol 


2-Phenoxy- 
ethanol 


Phenetole 
Octanol 


Acetal 
n-Dipropyl- 


m i n e  
Triethyl- 


m i n e  
Benzotri- 


fluoride 
Benzalde- 


hyde 


0.84 
1.70 


-0.37 
-0.54 


-0.83 


-2.51 


-1.37 


-0.34 
-1.21 


-0.96 


-2.32 


-0.99 


-1.20 -1.20 -1.10 


1.45 


2.79 


1.48 


-0.71 
-0.71 
-2.08 
-2.49 
-2.42 
-2.39 
-2.35 
-2.35 
-2.34 
-1.71 


-1.44 


-0.33 
-1.97 


-2.08 
-2.32 
-2.27 
-3.34 
-3.30 
-3.00 
-3.00 
-3.08 
-3.22 
-3.38 
-3.36 
-3.26 
-3.39 
-2.85 
-3.17 
-3.17 
-3.14 


-0.71 


-2.08 
-2.39 


-0.67 


-2.04 
-2.68 


2-Ethylhexyl- 
m i n e  


n-Dibutyl- 


+i!i!I'%e 
innamalde- 
hyde 


Ethyl 
benzoate 


n-Propyl- 
benzene 


-1.71 


-1.44 


-0.33 
-1.97 


-2.22 


-2.35 


-2.28 


-1.55 
-1.42 


-2.17 
o -Chloro- 


toluene 
p-Chloro- 


toluene 
o-Nitro- 


toluene 
rn-Nitro- 


toluene 
Toluene 


3.42 


3.33 


2.30 


2.43 


2.58 


-2.53 


-2.53 


-2.32 


-2.44 


-2.24 


-2.96 


-2.87 


-1.82 


-1.96 


-2.11 


-3.14 -3.17 


-3.21 -3.20 Cumene 


Mesitylene 


3-Phenyl- 
propanol 


Ethyl cinna- 
mate 


Phenyl 
ether 


1-Dodecanol 


Diphenyl- 
methane 


Tributyrin 


-3.09 -3.24 -2.96 
-3.40 
-1.38 -1.38 -1.39 Benzyl 


alcohol 


benzene 
Styrene 
Methyl 


benzoate 


Aceto- 
phenone 


Phenethyl 
alcohol 


Ethpyl-  


1.02 


2.53 


-0.45 


-2.35 


-2.54 
-1.81 


-0.52 


-2.06 


-2.48 
-1.64 


-3.00 -3.00 -2.52 


-2.60 -2.60 -3.83 


-5.04 -4.80 -4.70 
-4.81 
-4.71 
-4.64 
-4.08 -4.07 -3.70 
-4.06 
-3.48 -3.48 -2.06 


2.95 
2.12 


1.66 


1.36 


-1.31 


-0.88 


-1.17 


-0.87 
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nol-water partition systems are available, were included. A total of 111 
compounds were studied. 


Solubility-The aqueous solubility data in the desired temperature 
range were obtained from a compilation of data gathered from several 
literature sources. All available aqueous solubility values for each com- 
pound are listed in Table I. Also shown in Table I are the average of sol- 
ubility values used for statistical analysis. 


Partition Coefficients-Although partition coefficients are reported 
for nearly 100 oil-water partitioning systems, almost one-quarter of the 
compiled data refer to the octanol-water system (10). Therefore, the 
octanol-water partitioning system was chosen. The experimental par- 
tition coefficients for all the compounds were obtained from Ref. 10. In 
cases where multiple partition coefficients were reported for a compound, 
the values were averaged. Only a few obvious outliers were omitted in the 
averaging of partition coefficients. 


Calculations and Treatment of Data-All reported aqueous solu- 
bilities were converted to grammar (grams per liter) or molar (moles per 
liter) units with appropriate use of the solute molecular weight. Ap- 
proximate mole fractional solubilities (X) were calculated from molar 
solubilities (S,) by: 


(Eq. 1) s w  X =  
1000 - (mol. wt.) S, 


18 s w  + 
This approximation assumes a density of unity and equivalent molar and 
partial molal volumes for all compounds, an approximation that is not 
strictly valid but that introduces no systematic error in the calcula- 
tions. 


The mole fractional partition Coefficients (PC,) were calculated from 
the reported octanol-water partition coefficients (PC) by: 


1 -  


0 -  


> c - 
2 
ij -' 


g -2 


54 
% 


s 
3 


0 


-3 - 
a a 


Mw PC, = PC- 
Mo 


- 


- 


- 


where Mw and Mo are the molarities of pure water (55.5) and pure octanol 
(6.35), respectively. 


Statistical Analysis-The statistical data analysis was performed 
using standard statistical analysis procedures. 


RESULTS 


The molar aqueous solubility (S,) and the octanol-water partition 


log S, = -1.016 log PC + 0.515 (Eq. 3) 
n = 111 r = 0.931 s = 0.421 


where n is the number of observations, r is the correlation coefficient, 
and s is the standard deviation. 


The aqueous solubility and octanol-water partition coefficients used 
for Eq. 3 are presented in Table I. Figure 1 is a graphical representation 
of the observed and predicted solubilities based on Eq. 3. 


If aqueous solubility is expressed as grams per liter (S,) instead of 
moles per liter, the following relationship is obtained: 


coefficient (PC) are related by: 


log S, = -0.95 log PC + 2.40 (Eq. 4) 
n = 111 r = 0.916 s = 0.438 


For mole fractional units, the expression is: 


log X = -1.026 log PC, - 0.23 
n = 111 r = 0.931 s = 0.427 


where X is the mole fractional aqueous solubility and PC, is the octa- 
nol-water partition coefficient in mole fractional units. 


(Eq. 5) 


DISCUSSION 


Thermodynamically, the partition coefficient is defined as an equi- 
librium constant relating the activity of the solute in two immiscible 
phases a t  equilibrium (11): 


(Eq. 6) 


where a. and a, are the activities of the solute in oil and water, respec- 
tively. An alternative form of Eq. 6 is: 


-4 k 


" /  
O /  


-6 -4 -3 -2 -1 0 1 


OBSERVED LOG MOLAR SOLUBILITY 


Figure 1-Obseroed molar aqueous solubility versus molar solubility 
predicted by Eq. 3. 


where the activity is replaced by a product of the activity coefficient (7) 
and the concentration (C) of the solute. In dilute solutions, the activity 
coefficients can be approximated by unity. Therefore, Eq. 7 reduces 
to: 


(Eq. 8) c o  PC =- 
c w  


For most liquid solutes, the concentrations at saturation are equal to the 
solubilities in oil and water phases, respectively. Therefore: 


(Eq. 9) S O  P C = -  
s w  


The logarithmic form of Eq. 9 is: 


log sw = -log PC + log so oh. 10) 


Although partitioning was restricted to octanol-water systems in the 
present study, it is applicable to most solvent systems. The major dif- 
ference may be in the coefficient values of some equations. 


If the solubilities of liquid solutes in octanol are comparable, the log 
So term in Eq. 10 will nearly be constant. In fact, almost all liquids in- 
cluded in this study are completely miscible with octanol. Therefore, their 
solubilities in octanol are equal to their molarities in the pure state or, 
on a mole fractional scale, they are equal to unity. 


This finding suggests that octanol behaves as a nearly ideal (in ther- 
modynamic sense) solvent for the liquid solutes considered. The reason 
for this excellent solvency of octanol for organic liquids is that its polarity 
is in the middle of the range where most organic liquids are found. If the 
solubility parameter (6) is used as a measure of solvent polarity, octanol 
has a 6 value of 10.3 (12). The lowest normally encountered 6 value for 
pure hydrocarbons is about 7. Most nonionizable compounds have sol- 
ubility parameters between 7 and 15. The exceptions are water and some 
polyhydroxy alcohols; ethylene glycol, glycerol, and propylene glycol have 
6 values greater than 15. Methanol and ethanol have 6 values of 14.5 and 
13, respectively. 


The results obtained from this study are in excellent agreement with 
Eq. 10. The coefficients of log PC for Eqs. 3-5 are almost identical and 
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very close to -1 as predicted by Eq. 10. This finding is noteworthy since 
the data used for these analyses cover a wide variety of organic nonelec- 
trolyte liquids and span over five orders of magnitude. Furthermore, the 
aqueous solubility and partition coefficient data were taken from the work 
of many independent investigators who used various experimental 
techniques and compounds of various degrees of purity. Moreover, the 
aqueous solubility data cover a temperature range of 20-40’. 


Along with the variation in the solubility and partition coefficients, 
a slight deviation in log PC may be attributed to the nonideal behavior 
of liquid solutes. The assumption of dilute solutions and activity coeffi- 
cients being unity may not be completely valid. In fact, the data include 
several compounds with aqueous solubilities greater than 1.0 M. Mutual 
solubility and self-association of low molecular weight solutes may con- 
tribute to the deviation observed. 


If the aqueous solubilities and octanol-water partition coefficients are 
expressed in mole fraction units and if it is assumed that the solutes are 
completely miscible with octanol, then log So in Eq. 10 is expected to be 
zero. Examination of Eq. 5, which relates the mole fractional aqueous 
solubilities and partition coefficients, reveals that the intercept is indeed 
close to zero. 


The significance of the intercept can be further explained as follows. 
If it is assumed that the solutes are miscible with octanol and that the 
average density of liquid solutes is -1 g/ml, then the solubility of liquid 
solutes in octanol can be approximated with their densities. Upon sub- 
stitution of the average density value in Eq. 10, an intercept value of 3.0 
is expected. The intercept value obtained (2.54) from Eq. 4 is in reason- 
able agreement with the value expected from Eq. 10. The assumption of 
miscibility and the use of average density were verified in great detail by 
Roseman’. 


These results, although in qualitative agreement with those of Hansch 
et al. (9), differ significantly in the coefficient of log PC. The relationship 
between molal aqueous solubility and partition coefficients of several 
liquid nonelectrolytes was reported in their work (9): 


log S = -1.339 log PC + 0.978 (Eq. 11) 


Almost all of the partition coefficients used in Eq. 11 were calculated 
from the group contribution approach. Only 22 of 156 partition coeffi- 
cients reported were experimentally determined. The coefficient of log 
PC in Eq. 11 is significantly different from -1, the value expected from 
Eq. 10. The deviation may be attributed to a systematic error in the cal- 


n = 156 r = 0.935 s = 0.472 


l T. J. Roseman, The Upjohn Co., Kalamazoo, Mich., unpublished data. 


culated partition coefficients for hydrocarbons2. The significance of the 
results reported in this study can be illustrated by the following: 


1. Only experimentally determined partition coefficients and solubility 
values were used. 


2. A greater number of experimentally measured partition coefficients 
are available now than were available in 1968. 


3. More solubility values were used. 
4. Since no calculated values were used, systematic errors in values 


for a series of compounds are not likely. 
Furthermore, these results are supported by the equality of partition 


coefficients and solubility ratios observed by Roseman’ for various drugs 
in several oil-water systems. This relationship is important in under- 
standing the solubility and partitioning phenomena of liquids and will 
provide a basis for crystalline solids and gaseous compounds. 


These equations can be helpful in assessing the reliability of reported 
values for aqueous solubility estimation. These equations were employed 
to verify the solubility or partition coefficients of a few compounds that 
showed a great difference between the calculated and observed values, 
and this study will be the subject of a separate report. 
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Abstract 0 A high-performance liquid chromatographic method is de- 
scribed for the quantitation of fenoprofen, dl -2-(3-phenoxyphenyl)- 
propionic acid, in human plasma. The proteins in plasma were precipi- 
tated by the addition of hydrochloric acid. Fenoprofen and the internal 
standard, dl-2-(4-phenoxyphenyl)valeric acid, were extracted into butyl 
chloride and then back-extracted into sodium hydroxide. The aqueous 
solution was injected onto a reversed-phase alkylphenyl column, and the 
compounds were eluted using a mobile phase of acetonitrile-water-acetic 
acid (5050:2 v/v/v). A t  a flow rate of 1 ml/min, the retention times of 
fenoprofen and the internal standard were 8 and 12 min, respectively. 


The absorbance was monitored at  272 nm. The method requires 1.0 ml 
of plasma and is sensitive to 0.5 pg/ml. This procedure has been used for 
routine assay of multiple samples from bioavailability and compliance 
studies. 


Keyphrases 0 Fenoprofen-high-performance liquid chromatographic 
analysis, human plasma High-performance liquid chromatogra- 
phy-assay, fenoprofen, human plasma Anti-inflammatory agents- 
fenoprofen, high-performance liquid chromatographic analysis, human 
plasma 


The pharmacological and toxicological properties of 
fenoprofen [dZ-2-(3-phenoxyphenyl)propionic acid, I] have 
been studied extensively and were reviewed recently (1-3). 
Compound I was shown to be absorbed readily after oral 


administration. It is extensively metabolized to I glucu- 
ronide and to dl-2-[3-(4-hydroxyphenoxy)phenyl]propi- 
onic acid (11) glucuronide, both of which are excreted 
rapidly in the urine (4,5). 
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Abstract A simple and sensitive spectrophotometric method is de- 
scribed for the assay of naphazoline, clemizole, penicillin G sodium, and 
piperaiine. The method was based on the formation of a charge transfer 
complex between these drugs as n-donors and chloranil, the *-acceptor. 
Conformity to Beer’s law enabled the assay of dosage forms of these drugs. 
Compared with official methods, the results obtained were of equal ac- 
curacy. A more detailed investigation of the naphazoline-chloranil 
complex was made with respect to its composition, association constant, 


and free energy change. 


Keyphrases 0 Naphazoline-spectrophotometric assay in dosage forms 
using complex formation with chloranil Clemizole-spectrophoto- 
metric assay in dosage forms using complex formation with chloranil 0 
Penicillin G sodium-spectrophotometric assay in dosage forms using 
complex formation with chloranil Piperazine-spectrophotometric 
assay in dosage forms using complex formation with chloranil 


Naphazoline and clemizole (antihistamines), penicillin 
G sodium (antibiotic), and piperazine (anthelmintic) are 
widely used in pharmaceutical practice. The official 
compendia describe a nonaqueous titration for naphazo- 


line (l), an iodometric titration (2) and microbiological 
assay (3) for penicillin G sodium, and a gravimetric method 
(1) and nonaqueous titration (3) for piperazine. Among the 
methods described for the assay of naphazoline are UV 
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spectrophotometry (4), colorimetry using reagents such 
as bromine (3, sodium nitroprusside (6), or ceric sulfate 
(7), and nonaqueous titration (1,8). 


Clemizole was determined spectrophotometrically 
applying Glenn's method of orthogonal function (9). 
Penicillin G sodium was assayed by different methods, 
including atomic absorption spectrophotometry (lo), 
colorimetry through hydroxamic acid formation (ll), IR 
spectrophotometry (12), polarography (13), and titrimetric 
methods involving iodine (2,14), iodine monochloride (15), 
mercuric ion (16), and N-bromosuccinimide (17) as ti- 
trants. The proposed methods for the assay of piperazine 
include colorimetric analyses employing ammonium rei- 
neckate (18), bromthymol blue (19), sodium P-naphtho- 
quinone-4-sulfonate (20), and 3,5-dichloro-p-benzoqui- 
nonechlorimine (21), and dichlone (221, titrimetry in 
nonaqueous solvents (3), and indirect complexometry 
(23). 


Substituted quinones such as 2,5-dichloroquinone (24), 
7,7',8,8'-tetracyanoquinodimethane (25), and fluoranil(26) 
were used as 7r-acceptors with various electron donors to 
form charge transfer complexes and radical ions (27,281. 
Some aromatic amines (29, 30) and amino acids (31, 32) 
were determined with chloranil. The present report de- 
scribes the utility of chloranil for the spectrophotometric 
determination of naphazoline, clemizole, penicillin G so- 
dium, and piperazine in dosage forms. In addition, the 
naphazoline-chloranil complex with respect to its associ- 
ation constant, mole ratio of reactants, and free energy 
change (AGO) was investigated. 


EXPERIMENTAL 


Instruments-A photoelectric spectrophotometer' with 1-cm silica 
or glass cells was used. 


Materials and Reagents-Pharmaceutical grade naphazoline hy- 
drochloride2, clemizole hydrochloride3, penicillin G sodium3, and pi- 
perazine4 were used as working standards. 


p-Chlorani15 was purified according to a literature method (33). The 
solution was prepared in chloroform (2 X M )  or dioxane (0.1 g %); 
the solvents were spectrograde. 


Standard Solutions-For naphazoline and clemizole, the calculated 
amount (equivalent to 0.1 g of base) was dissolved in water. The solution 
was transferred quantitatively to a separator, alkalinized with ammonia, 
and extracted by shaking with five 20-ml portions of chloroform. The 
extracts were pooled in a 100-ml volumetric flask, and the flask was filled 
to volume with chloroform (1 ml contained 1 mg of the base). 


For penicillin G sodium, 0.500 g of the drug was dissolved in 80% di- 
oxane in water, and the solution was diluted quantitatively to give a 
concentration of 10 mg/ml. 


For piperazine, 25.0 mg of the drug was placed in a 25-ml volumetric 
flask containing 5 ml of ethanol (95%), and the flask was shaken well 
before it was filled to volume with dioxane. 


Determination of Naphazoline-For calibration, serial volumes of 
1-5 ml (in 1-ml steps) of standard base solution, diluted four times to give 
0.25 mg/ml, were transferred to 25-ml volumetric flasks. Sufficient 
chloroform was added to bring the volume to -10 ml, and 5 ml of chloranil 
(2 X M in chloroform) was added. The contents were mixed and 
heated in a water bath at 40 f lo for 24 min. The volume was brought to 
25.0 ml with chloroform. The absorbance at 515 nm was measured against 
a blank, prepared simultaneously without naphazoline solution. 


For the determination of naphazoline in eye drops, 10.0 ml (equivalent 
to 5.0 mg of naphazoline hydrochloride) was measured, the base was ex- 
tracted as described previously with five 10-ml portions of chloroform, 


Beckman model 24 double-beam spectrophotometer. 
Nile Co. for Pharmaceuticals and Chemical Industries. 
Chemical Industries Development Pharmaceutical Co. 
Alexandria Co. for Pharmaceutical and Chemical Industries. 
Pfaltz & Bauer, Stamford, Conn. 
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Figure 1-Plot of absorbance versus time for complered naphazoline 
(3 mg %) (O) ,  clemizole (5 mg %) (O),  penicillin G sodium (30 mg %) 
(v), and piperazine (10 mg %) (m). 
and the extracts were pooled in a 50-ml volumetric flask. Using 4 ml 
(accurately measured) of the base solution, the procedure given for cal- 
ibration of naphazoline was followed. 


Determination of Clemizole-For calibration, serial volumes of 2-9 
ml (in 1-ml steps) of the standard solution were diluted quantitatively 
with chloroform to 25 ml. Exactly 1.0 ml of these diluted solutions, con- 
taining 0.08-0.36 mg, was measured into clean, dry test tubes. To each 
test tube were added 2.0 ml of chloranil solution (0.1 g % in dioxane) and 
1.0 ml of dimethylformamide. The test tubes were maintained in a water 
bath at  25 f 1' for 30 min. A blank was prepared simultaneously without 
clemizole solution. The absorbance was measured against the blank at 
550 nm. 


For the determination of clemizole in commercial tablets, 10 tablets 
were powdered and mixed. About 0.4 g (equivalent to two tablets) was 
transferred to a separator containing -20 ml of water. The base was ex- 
tracted as described with five 10-ml portions of chloroform, and the ex- 
tract was diluted five times with chloroform. Exactly 1.0 ml of the diluted 
solution was measured, and the procedure for calibration of clemizole 
was followed. 


Determination of Penicillin G Sodium-For calibration, serial 
volumes of 1-6 ml (in 1-ml steps) of the standard solution were trans- 
ferred to 25-ml volumetric flasks and diluted quantitatively with 80% 
dioxane in water. Exactly 1.0 ml of the diluted solutions, containing 
0.4-2.4 mg of penicillin G sodium, was measured into a series of clean, 
dry test tubes. To each test tube were added 2.0 ml of chloranil(O.1 g % 
in dioxane) and 1.0 ml of dimethylformamide. The test tubes were heated 
in a water bath at  40 f lo for 15 min. A blank was prepared simulta- 
neously by substituting 1.0 ml of 80% dioxane in water for the penicillin 
G sodium solution. The absorbance was measured against the blank at 
560 nm. 


For the determination of penicillin G sodium in vials, the contents of 
one vial were dissolved in 80% dioxane in water. This solution was 
transferred quantitatively to a 25-ml volumetric flask and diluted 10 
times with the same solvent. Using 1.0 ml of the diluted solution, the 
procedure for calibration of penicillin G sodium was followed. 


Determination of Piperazine-For calibration, serial volumes of 1-5 
ml of the standard solution (in 1-ml steps) were diluted in 10-ml volu- 
metric flasks with dioxane. Exactly 1.0 ml of these solutions (equivalent 
to 0.1-0.5 mg) was pipetted into a series of clean, dry test tubes. Exactly 
2.0 ml of chloranil(O.1 g % in dioxane) and 1.0 ml of dimethylformamide 
were added, and the solution was heated in a water bath at 60 f lo for 
10 min. A blank was prepared simultaneously using 1.0 ml of dioxane 
instead of piperazine solution. The absorbance was measured at 540 nm 
against the blank. 


For the determination of piperazine in powdered form, 25.0 mg of the 
powder was transferred to a 25-ml volumetric flask containing 5 ml of 
ethanol (95%). The flask was shaken well before it was filled to volume 
with dioxane. The solution was diluted four times with dioxane using 1.0 
ml of the diluted solution, and the procedure for calibration of piperazine 
was followed. 


Ratio of Reactants in  Naphazoline-Chloranil Complex-Into 
25-ml volumetric flasks was transferred 10 ml (varied in 1-ml steps) of 
an equimolar concentration M )  of solutions of naphazoline and 
chloranil in chloroform. The procedure was continued as described for 
the calibration of naphazoline. 
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Figure 2-Continuous variation plot for naphazoline-chloranil com- 
plex in chloroform M). 


Determination of Association Constant and Free Energy 
Changeser ia l  volumes of 1-5 ml of M naphazoline solution (in 
1-ml steps) in chloroform were transferred to 25-ml volumetric flasks. 
The solution was diluted with chloroform to 10 ml, and 2.0 ml of chloranil 
solution in chloroform (2 X M )  was added. The procedure was 
continued as described for the calibration of naphazoline. 


RESULTS AND DISCUSSION 


In spite of their structural variation, naphazoline (I), clemizole (II), 
penicillin G sodium (111), and piperazine (IV) give a purple chromagen 
with chloranil that exhibits a strong absorption maximum at 515-560 nm, 
i.e., in the visible region of the spectrum. These bands can be attributed 
to the formation of charge transfer complexes between I-IV, acting as 
n-donors (D) or Lewis bases, and chloranil, the r-acceptor (A) or Lewis 
acid (Scheme I). 


b + A  + [D - A ]  + D + + A -  
Scheme I 


A simple general quantum mechanical theory of a 1:l or an n:l interaction 
of an electron donor with an electron acceptor has been proposed for the 
formation of the charge transfer complex. In the ground state, the two 
molecules are held together when they are in close proximity by forces 
such as van der Waals, dispersion, and hydrogen forces. Additional forces 
are contributed by the transfer of a small amount of charge from the 
donor to the acceptor. When a complex absorbs light of a suitable energy, 
it is raised from the ground state to the excited state. In this state, an 
electron that was shifted only slightly toward the acceptor is almost 
completely transferred. Therefore, the transfer of an electron by ab- 
sorption of energy is responsible for the purple color of the formed 
complexes with maximum absorption at  515 nm for complexed napha- 
zoline, 550 nm for complexed clemizole, 560 nm for complexed penicillin 
G sodium, and 540 nm for complexed piperazine. 


Because the reaction of chloranil is known to be slow (29,30,32), the 
effect of time and temperature on the development of complexes was 
investigated. Maximum absorbance for the colored complexes was at- 
tained on leaving the reactant mixture in a thermostated water bath a t  
40' for 45 min ( l ) ,  a t  25' for 30 min (II), at 40' for 15 min (111), and at 
60' for 10 min (IV). The complexed compounds gave absorbance8 that 
were unchanged for at least 1 hr (Fig. 1). 


The slopes of the calibration curves reflect the sensitivity of the color 
attributed to charge transfer complex formation. The highest slope for 
naphazoline parallels its greatest basicity (pKa = 10.9) (34). 


The other compounds, having lower pKa values, gave lower slopes 
compared to naphazoline. This finding indicates that the sensitivity of 
the developed color increases with increasing ability of the nitrogen atom 
to donate one of its lone pair of electrons. In penicillin G sodium (pKa 
= 2.8) (34), the presence of the carboxylic group and the amino group 
renders the compound of dual character and, therefore, gave the complex 
of the lowest slope. 


A more detailed examination was made for the most sensitive com- 
pound, naphazoline. The decrease in absorbance per hour for complexed 
naphazoline followed zero-order kinetics, as determined by measuring 
the absorbance of the complex at  1-hr intervals for 5 hr. A plot of con- 
centration (C, expressed in gram percent), calculated from the calibration 
graph, as a function of time ( t ,  expressed in hours) gave a line with a slope 


of -K. The K value was determined to be 0.000528, which indicated that 
the color was fading at a constant rate of 0.000528/hr. 


Using Job's method of continuous variation (35), the ratio of napha- 
zoline to chloranil equaled 1:l (Fig. 2). This finding was anticipated by 
the presence of one basic or electron-donating center in the naphazoline 
molecule. 


The absorbance of the naphazoline-chloranil complex was used to 
calculate the association constant using the Benesi-Hildebrand equation 
(36): 


where [Ao] and [DO] are the total concentrations of the interacting species, 
AfD and cfD are the absorbance and molar absorptivity of the complex 
at 515 nm, and K:D is the association constant of the complex. On 
plotting the values of [Ao]/AfD uersus l/[Do], a line was obtained (Fig. 
3) that is described by the following regression equation: 


1 - IAol = 2.0095 x + - (3.1868 x (Eq. 2) 
AfD P o l  


for which the regression coefficient equals 0.9997. The intercept of this 
line with the ordinate is (cfD)-l, and the slope equals (efD K$D)-l. From 
Eq. 2, the association constant equals 63.06. The standard free energy 
change (37), AGO, of complexation is related to the association constant 
by: 


AGO = -2.303RT log K (Eq. 3) 


from which AG' equals -2.454 kcal. 
The standard calibration graphs for naphazoline, clemizole, penicillin 


G sodium, and piperazine were constructed by plotting absorbance uersus 
concentration (milligrams per 100 ml) calculated after addition of the 
chloranil solution. Conformity with Beer's law was evident in the con- 
centration ranges of 1-5 mg % of naphazoline, 2-9 mg % of clemizole, 
10-60 mg % of penicillin G sodium, and 2.5-12.5 mg % of piperazine. 


Regression equations, derived using the method of least squares (38), 
for naphazoline, clemizole, penicillin G sodium, and piperazine are, re- 
spectively: 


A515 = 0.0112 + 0.1960C (Eq. 4) 


A550 = 0.0045 + 0.0920C (Eq. 5) 


A560 = -0.0103 + 0.0166C (Eq. 6) 


A540 = -0.0279 + 0.0684C (Eq. 7) 


for which the respective regression coefficients are 0.9988,0.9977,0.9997, 
and 0.9979. 


The validity of the regression equations was assessed in the determi- 
nation of naphazoline in eye drops, clemizole in tablets, penicillin G so- 
dium in vials, and piperazine in powder. 


With the exception of clemizole, which was assayed by nonaqueous 
titratioh (Table I), the official methods were applied for the assay of the 
test compounds in powdered form (piperazine) or in dosage forms 
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Figure 3-Benesi-Hildebrand plot for naphazoline-chloraniI complex 
in chloroform. 
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Table I-Assay Results for Dosage Forms of Naphazoline, Clemizole, Penicillin G Sodium, and Piperazine 


Proposed Method” Official MethodC 
Assumed Assumed 


Concentration *, Concentration, 
Preparation n mg % Mean f SD, % n mg % Mean f SD, % 


Naphazoline dropsd 4 2.40 99.89 f 0.31 5 400.0 99.98 f 0.56 


Clemizole tabletse 4 4.00 100.46 f 0.93 5 400.0 99.78 f 0.46 


Penicillin G sodium vialf 6 30.00 100.95 f 1.51 5 12.0 100.43 f 0.95 


Piperazine powderg 5 6.25 100.52 f 0.85 5 150.0 100.39 f 0.79 


(0.71) (0.08) 


(0.99) (1.07) 


(1.54) ( 1 .O) 


(1.37) (1.10) 


Percent recovery in the case of naphazoline and piperazine and percent of nominal concentration in the case of the other compounds. * Calculated in the final dilution 
after the addition of chloranil. Clemizole is not official in BP 1973; thus, it was assayed, as with naphazoline, by nonaqueous titration; penicillin G sodium was assayed 
by iodometry ( 3 ,  and piperazine was assayed by nonaqueous titration (3). Prepared according to Martindale (34) and contained 50 mg ?k of naphazoline hydrochloride. 
The amount of salt can be calculated from the amount of base multiplied by 1.1738. e Obtained commercially as Allercur tablets from Chemical Industries Development 
Co. (batch 641), average weight 0.19 g. Each tablet contains 20 mg of clemizole hydrochloride; the salt can be calculated by multiplying the base concentration by 1.1122. 


Obtained commercially; each vial is stated to contain 500,000 units; 1 mg of penicillin G sodium reference standard equals 1667 units (3). 8 Analyzed powder obtained 
from Alexandria Co. for Pharmaceutical and Chemical Industries. The values in parentheses are calculated t values for which the theoretical values at fy = 0.05 are: for 
df 3, 3.182; for df 4, 2.776; and for df 5, 2.571. 


(naphazoline and penicillin G sodium). The results obtained are pre- 
sented in Table I. The performance of the proposed method was judged 
through calculation of the t value. At  the 95% confidence level, the cal- 
culated t value did not exceed the theoretical value. Therefore, the pro- 
posed method, as with the official method, gives assay results not sig- 
nificantly different from the true value. This finding indicates that the 
methods are equally accurate. 


Compared to the official methods, the proposed procedure is simpler, 
faster, and more sensitive. These advantages encourage its application 
in the analysis and quality control of drugs. 


Other drugs with basic centers are expected to give similar chromo- 
phores. Amino acids and proteins also give sensitive responses (32). 
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it to be a complex mixture, containing a minimum of 20 components. No 
information was available to indicate which component was responsible 
for the observed activity. 


The results of dry column separation of the chloroform fraction indi- 
cated the presence of a t  least two active materials (Table I), a higher Rf 
fraction (Fraction C) possessing in uitro KB activity and a more polar 
fraction (Fraction H) possessing PS activity. While certain additional 
fractions possessed marginal KB activity, subsequent fractionation efforts 
were directed at  the two most active materials. With biological data 
available from dry column chromatographic analysis, larger scale gra- 
dient-elution column chromatographic procedures could be aimed spe- 
cifically at the resupply of the active materials. 


DISCUSSION 


The complex nature of the biologically active E. cyparissias chloroform 
fraction presented a formidable challenge to the dry column chromato- 
graphic technique. Although all components of this mixture were not 
separated completely (some fractions contain more than one component), 
useful separation was achieved and, on the basis of dry column chroma- 
tographic results, subsequent efforts could be directed toward a limited 
group of materials possessing bioactivity. The value of the dry column 
technique in the preliminary analysis of a complex active fraction thus 
was demonstrated. In examples not presented here, pure materials could 
be isolated and their activity determined directly from the dry column 
procedure. 


In certain investigations involving the fractionation of biologically 
active plant or fermentation extra&, a previously isolated active material 
may be presumed to be responsible for the observed activity based on 
phytochemical or chemotaxonomic information. Much effort may be 
saved in these instances by employing the dry column chromatographic 
procedure as the initial fractionation step. If the R/ of the material is 
known, the corresponding dry column chromatographic band can be 
obtained and analyzed for activity as well as for the presence of the known 
compound. 


As indicated in Table I, a developing solvent for dry column chroma- 
tographic analysis can be utilized that will produce results roughly similar 
to those obtained from extensive column chromatographic procedures. 
By employing dry column procedures first, however, careful liquid 


chromatographic techniques need only be employed to separate com- 
ponents of active fractions, allowing inactive materials to be collected 
together. Thus, some time, effort, and expense of conventional techniques 
may be saved. 


The described dry column technique represents only minor modifi- 
cation of previously described dry column chromatographic techniques. 
Although such methods have not been heavily utilized by the natural 
product chemist, they should become increasingly important in improving 
the efficiency and speed of fractionation efforts. 
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Abstract 0 Sodium sulfate can be used to enhance the conjugation of 
phenolic drugs with sulfate and to treat hypercalcemia. It is thought that 
sulfate ion is absorbed slowly and incompletely from the digestive tract. 
The purposes of this investigation were to determine the absorption of 
a large amount of sodium sulfate Il8.l g as the decahydrate, equivalent 
to 8.0 g of the anhydrous salt) and to compare the bioavailability when 
this amount is administered orally to normal subjects as a single dose and 
as four equally divided hourly doses. The 72-hr urinary recovery of free 
sulfate following single and divided doses was 53.4 f 15.8 and 61.8 f 7.8%, 
respectively (mean f SD, n=5, p > 0.2). The single dose produced severe 
diarrhea while the divided doses caused only mild or no diarrhea. Thus, 


Humans and animals have a limited capacity to conju- 
gate phenolic drugs with sulfate (1-5). The limiting factor 
is the availability of sulfate ion rather than its activation 
or the transfer of activated sulfate to the acceptor molecule 
(3, 5). Sulfate ion is acquired by the body partly as such 


a large amount of sodium sulfate, when administered orally in divided 
doses over 3 hr, is well tolerated and is absorbed to a significant extent. 
Orally administered sodium sulfate may be useful for the early treatment 
of acetaminophen overdose. 


Keyphrases 0 Sodium sulfate-absorption after oral administration, 
single and divided doses, bioavailability, humans 0 Acetaminophen-use 
of qodium sulfate for early treatment of toxicity, absorption of orally 
administered sodium sulfate, single and divided doses Bioavailabil- 
ity-sodium sulfate, comparison of single and divided doses, role in 
treatment of acetaminophen toxicity 


from dietary sources and partly by oxidation of cysteine 
and methionine (6). The possibility of enhancing the for- 
mation of phenolic sulfates by direct administration of 
inorganic sulfate was first proposed in 1876 and has been 
demonstrated by several investigators (6, 7). Typically, 
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Table I-Urinary Excretion of Free Sulfate by Normal Men after Oral Administration of 18 g of Sodium Sulfate Decahydrate in 
Single and Divided Doses 


Body Cumulative Percent of Dose Excreted 
Age, Weight, Baseline Excretion Single Dose Divided Doseb 


Subject Years ke: Rate, mmoled24 hr" 24 hr 48 hr 72 hr 24 hr 48hr 72hr 


PM 25 79 
DC 25 66 
DS 34 77 uw 36 74 
SR 28 66 
Mean 
SD 


22.9 f 2.9 
16.7 f 1.2 
24.3 f 6.5 
25.0 i 6.4 
13.0 f 2.1 


24.5 27.1 38.8 37.2 49.7 57.2 
40.7 62.9 71.5 44.6 52.8 63.2 
55.2 65.3 68.9 48.3 60.0 69.3 
44.4 49.0 39.4 59.8 60.4 68.4 
17.3 43.0 48.5 27.9 42.5 50.8 
36.4 49.5 53.4 43.5c 53.lC 61.W 
15.4 15.6 15.8 12.0 7.5 7.8 


0 Mean f SD, n = 3 consecutive days. Four equally divided doses administered at hourly intervals. Not significantly different ( p  > 0.1) from corresponding value 
after single dose. 


sodium sulfate has been administered parenterally but i t  
has also been effective when given orally in small doses (3, 
6). 


BACKGROUND 


It may be desirable under certain circumstances to administer rela- 
tively large doses of sodium sulfate orally, provided that it can be ascer- 
tained that the sulfate ion is absorbed reasonably well. For example, in- 
travenous administration of >lo0 g of sodium sulfate decahydrate to 
adults is considered to be an effective and relatively safe treatment for 
hypercalcemia (8). Parenteral administration of sodium sulfate enhances 
the conjugation of large doses of acetaminophen to acetaminophen sulfate 
in rats and thereby accelerates drug elimination (5). Overdoses of acet- 
aminophen may cause serious and sometimes fatal hepatotoxicity, ap- 
parently due to the formation of one or several quantitatively minor but 
highly reactive metabolites (9). It is reasonable to assume that enhanced 
formation of acetaminophen sulfate by a parallel and competing pathway 
will reduce the formation of hepatotoxic metabolite(s) and thereby reduce 
the toxicity of acetaminophen (10). In fact, parenteral administration 
of sodium sulfate reduced the acute toxicity of acetaminophen in mice 
(11). 


Oral administration of a tracer dose of sodium [3SS]sulfate to normal 
men resulted in the recovery of -8Wo of the radiolabel in the 24-hr urine, 
compared to a recovery of -86% following intravenous injection of the 
same dose (12). However, the intestinal absorption of sulfate ion occurs 
by active transport, at least in rats, hamsters, and rabbits (13), and, 
therefore, is subject to saturation. Large doses of sodium sulfate (-15 
g of the decahydrate in adults) are used as an osmotic cathartic on the 
basis that sulfate ion is only slowly and incompletely absorbed (14). No 
report concerning the actual bioavailability of sodium sulfate adminis- 
tered in such large doses to humans was found. 


In view of the potential therapeutic usefulness of systemic sodium 
sulfate, particularly for reducing or preventing acetaminophen toxicity 
(10, ll), the absorption of a relatively large amount of sodium sulfate was 
determined following oral administration to human volunteers as a single 
large dose and as four equally divided hourly doses. 


EXPERIMENTAL 


Five healthy men, who had given their written informed consent, 
participated in the study. They collected all urine for three separate 24-hr 
periods for determination of baseline free sulfate output. They then re- 
ceived 18.1 g of sodium sulfate USP (the decahydrate, equivalent to 8.00 
g of anhydrous sodium sulfate) orally on two occasions, a t  least 1 week 
apart. At  these times, the subjects fasted overnight and consumed a low 
fat breakfast in the morning. They then emptied their bladder and in- 
gested the sodium sulfate dissolved in 50 ml of warm water, either as a 
single dose or in four equally divided hourly doses. They ate lunch, and 
their subsequent meals and fluid intake were not restricted or controlled. 
All urine was collected in sterile plastic bags over 0-24,24-48, and 48-72 
hr. The urines were frozen immediately after collection, pending 
assay. 


The concentration of free (inorganic) sulfate was determined by the 
method of Hakkinen and Hakkinen (15), which involves precipitation 
of urinary calcium as the oxalate (to avoid assay interference), precipi- 
tation of free sulfate as the barium salt by addition of barium chloranilate, 
and spectrophotometric assay of the liberated chloranilic acid. Total 
sulfate (Le., the sum of free and organically bound sulfate) was deter- 
mined by the same procedure following acid hydrolysis a t  80' (15). The 


procedures were performed in quadruplicate; one reaction mixture was 
used to prime the filter paper, which then was used to filter the other 
three. Results of the three assays were averaged (coefficient of variation 
usually was ~ 5 % ) .  


RESULTS 


The results are summarized in Table I. The baseline individual average 
excretion rate of inorganic sulfate ranged from 13 to 25 mmoles/24 hr and 
was relatively constant (coefficient of variation of 747%). The individuals 
with the lowest body weight (DC and SR) exhibited the lowest baseline 
values. Compared with the amount of sodium sulfate taken by the 
subjects (56.3 mmoles), the baseline excretion rate of inorganic sulfate 
was substantial. 


The baseline excretion rate of free sulfate was not affected by relatively 
large changes in urine flow rate, but the baseline excretion rate of total 
sulfate (and, therefore, of organically bound sulfate) increased essentially 
linearly with increasing urine flow rate (Fig. 1). This differential effect 
of the urine flow rate also was observed after sodium sulfate adminis- 
tration. 


The cumulative amounts of free sulfate excreted in the urine 24,48, 
and 72 hr after sodium sulfate administration (ie., the sum of endogenous 
and exogenous free sulfate excretion) were significantly larger than the 
amounts of free sulfate excreted during the same lengths of time in control 
experiments ( p  < 0.01 by paired t test). The average urinary recovery 
of adminiBtered sulfate, calculated as the 72-hr excretion of free sulfate 
minus the baseline excretion, averaged 53.4% from the single dose and 
61.8% from the divided doses. There was considerably less interindividual 
variation in urinary recovery of free sulfate from the divided doses (Table 
I). 
All subjects experienced severe diarrhea after the single d m  of sodium 


sulfate, starting typically after 2 hr and lasting up to 24 hr. The same 
amount of sodium sulfate taken in four equal hourly doses produced ei- 
ther no diarrhea or mild diarrhea of short duration. No other adverse 
effects were reported. 


DISCUSSION 


Sodium [36S]sulfate has been used extensively in tracer doses to esti- 
mate extracellular fluid volume in humans (12,16-18). Typically, plasma 
sulfur 35-derived radioactivity declines biexponentially after intravenous 
injection, with a terminal apparent half-life of -4 hr (17). The apparent 
volume of distribution is usually -20% of the body volume (12,17,18); 
the renal clearance is -35 ml/min/1.73 m2 (16,17), i .e. ,  approximately 
one-third of the glomerular filtration rate. Since sulfate ion is not ap- 
preciably bound to plasma proteins, the difference between its renal 
clearance and the glomerular filtration rate is probably due to renal tu- 
bular reabsorption. The renal tubular reabsorption of sulfate is capacity 
limited (19). However, the urinary excretion of free sulfate is apparently 
not urine flow rate dependent, a t  least in the flow rate range encountered 
in this study (Fig. 1). That is not so with respect to organically bound 
(ethereal) sulfate; total nonradioactive sulfate in the urine is, therefore, 
not a suitable index of sulfate absorption. 


Urinary recovery of sulfur 35 activity in humans after administration 
of a tracer dose of sodium [35S]sulfate was -38% of an oral dose in 5 hr 
(18), and -86% in 24 hr (12) and 95% within 5 days (17) after an intra- 
venous dose. It was also reported that 90-100% of a 117-g iv dose of 
nonradioactive sodium sulfate decahydrate was excreted in the urine 
within 1 day, but no details were given (8). More than 92% of the radio- 
activity excreted in the urine within 4 hr after intravenous injection of 
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Figure 1-Relationship between urine flow rate and baseline excretion 
rate of free (0) and total (0) sulfate for Subject DC. Urine was collected 
every 2-3 hr  for 24 hr. 


sodium [3sS]sulfate is free sulfate, i.e., sulfate ion which could be pre- 
cipitated as benzidine sulfate (16). 


The baseline excretion of free sulfate in the urine (i.e., excretion 
without administration of a sulfate salt) is affected by the diet, particu- 
larly by the intake of proteins and green vegetables (6,20). Most sulfur 
excretion is in the form of inorganic sulfate (20,21). The average baseline 
urinary excretion rate of free sulfate by normal men is -22 mmoles/day 
(22). This rate is substantial when compared with the dose of sodium 
sulfate used in the present study (56.3 mmoles). Ideally, therefore, the 
drug should have been administered together with 36S-labeled sodium 
sulfate, but it was considered inadvisable to expose the volunteers to 
sulfur 35, particularly without first attempting to perform the study 
without radioactive sulfate. This conservative approach was justified by 
the results. The individual 72-hr urinary recoveries were reasonably 
consistent, especially after administration of sodium sulfate in divided 
dmea (Table I). Cumulative recovery increased progressively over 3 days, 
except for Subject UW following the single dose’. Thus, the relatively 
large amount of drug administered and the relatively consistent baseline 
excretion rate of free sulfate made it possible to conduct this investigation 
without radioactive tracer. 


Considering its pronounced cathartic effect, the single large dose of 
sodium sulfate was surprisingly well absorbed. However, the same is true 
in rats. Oral administration of -250 mg of sodium [36s]sulfate/kg to adult 
male rats resulted in the recovery of 73.7% of the administered radioac- 
tivity in the urine, compared with a recovery of 76.7% after intraperitoneal 
injection (7). Another investigator administered oral doses of 0.35.0.70, 
1.41, and 2.0 g/kg to adult male and female rats and recovered 57-74% 
of the radioactivity in urine over 72 hr, with no apparent relationship 
between the dose and urinary recovery (23). The same investigator de- 
termined that the median effective laxative dcae of sodium sulfate in rats 
was 1.6 g/kg and that a dose of 1.22 g/kg had no laxative effect, while a 
dose of 2.8 g/kg was 100% effective by his criteria (23). Thus, the relative 
bioavailability of sodium sulfate in rats was not affected by the degree 
of catharsis, which also reflects the relative intestinal motility or transit 
rate. Our results in men were similar: there was no statistically significant 
difference in the urinary recovery of free sulfate after administration of 


An apparent decrease in the urinary recovery bf free sulfate, as observed in 
Subject UW from 48 to 72 hr (Table I), can occur if the baseline excretion rate de- 
termined in the drug-free control period is higher than the excretion rate of en- 
dogenous free sulfate after sodium sulfate administration. 


a large amount of sodium sulfate as a single dose (which produced severe 
diarrhea) or in divided doses (which produced little or no diarrhea). 


In conclusion, oral administration of sodium sulfate is a viable means 
of introducing large amounts of free sulfate into the systemic circulation. 
We also found, in an unpublished study, that sodium sulfate is not eig- 
nificanfly adsorbed onto activated charcoal. The latter is effective in 
inhibiting the absorption of acetaminophen (24). Administration of 88 
little as 2 g of acetaminophen to healthy men caused depletion of en- 
dogenous sulfate as reflected by reduced urinary excretion of free sulfate 
and endogenous sulfate conjugates (251, while administration of sodium 
sulfate enhanced conjugation of acetaminophen with sulfate in humans 
and animals (3,5,25) and reduced the acute toxicity of acetaminophen 
in animals (11). Consequently, the combined use of sodium sulfate and 
activated charcoal, both being widely available home remedies, for the 
initial treatment of acetaminophen overdose deserves clinical investi- 
gation. However, pending such investigation, this treatment is not ad- 
vocated for routine use and should certainly not take the place of pres- 
ently accepted therapy. 
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very close to -1 as predicted by Eq. 10. This finding is noteworthy since 
the data used for these analyses cover a wide variety of organic nonelec- 
trolyte liquids and span over five orders of magnitude. Furthermore, the 
aqueous solubility and partition coefficient data were taken from the work 
of many independent investigators who used various experimental 
techniques and compounds of various degrees of purity. Moreover, the 
aqueous solubility data cover a temperature range of 20-40’. 


Along with the variation in the solubility and partition coefficients, 
a slight deviation in log PC may be attributed to the nonideal behavior 
of liquid solutes. The assumption of dilute solutions and activity coeffi- 
cients being unity may not be completely valid. In fact, the data include 
several compounds with aqueous solubilities greater than 1.0 M. Mutual 
solubility and self-association of low molecular weight solutes may con- 
tribute to the deviation observed. 


If the aqueous solubilities and octanol-water partition coefficients are 
expressed in mole fraction units and if it is assumed that the solutes are 
completely miscible with octanol, then log So in Eq. 10 is expected to be 
zero. Examination of Eq. 5, which relates the mole fractional aqueous 
solubilities and partition coefficients, reveals that the intercept is indeed 
close to zero. 


The significance of the intercept can be further explained as follows. 
If it is assumed that the solutes are miscible with octanol and that the 
average density of liquid solutes is -1 g/ml, then the solubility of liquid 
solutes in octanol can be approximated with their densities. Upon sub- 
stitution of the average density value in Eq. 10, an intercept value of 3.0 
is expected. The intercept value obtained (2.54) from Eq. 4 is in reason- 
able agreement with the value expected from Eq. 10. The assumption of 
miscibility and the use of average density were verified in great detail by 
Roseman’. 


These results, although in qualitative agreement with those of Hansch 
et al. (9), differ significantly in the coefficient of log PC. The relationship 
between molal aqueous solubility and partition coefficients of several 
liquid nonelectrolytes was reported in their work (9): 


log S = -1.339 log PC + 0.978 (Eq. 11) 


Almost all of the partition coefficients used in Eq. 11 were calculated 
from the group contribution approach. Only 22 of 156 partition coeffi- 
cients reported were experimentally determined. The coefficient of log 
PC in Eq. 11 is significantly different from -1, the value expected from 
Eq. 10. The deviation may be attributed to a systematic error in the cal- 


n = 156 r = 0.935 s = 0.472 


l T. J. Roseman, The Upjohn Co., Kalamazoo, Mich., unpublished data. 


culated partition coefficients for hydrocarbons2. The significance of the 
results reported in this study can be illustrated by the following: 


1. Only experimentally determined partition coefficients and solubility 
values were used. 


2. A greater number of experimentally measured partition coefficients 
are available now than were available in 1968. 


3. More solubility values were used. 
4. Since no calculated values were used, systematic errors in values 


for a series of compounds are not likely. 
Furthermore, these results are supported by the equality of partition 


coefficients and solubility ratios observed by Roseman’ for various drugs 
in several oil-water systems. This relationship is important in under- 
standing the solubility and partitioning phenomena of liquids and will 
provide a basis for crystalline solids and gaseous compounds. 


These equations can be helpful in assessing the reliability of reported 
values for aqueous solubility estimation. These equations were employed 
to verify the solubility or partition coefficients of a few compounds that 
showed a great difference between the calculated and observed values, 
and this study will be the subject of a separate report. 
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Abstract 0 A high-performance liquid chromatographic method is de- 
scribed for the quantitation of fenoprofen, dl -2-(3-phenoxyphenyl)- 
propionic acid, in human plasma. The proteins in plasma were precipi- 
tated by the addition of hydrochloric acid. Fenoprofen and the internal 
standard, dl-2-(4-phenoxyphenyl)valeric acid, were extracted into butyl 
chloride and then back-extracted into sodium hydroxide. The aqueous 
solution was injected onto a reversed-phase alkylphenyl column, and the 
compounds were eluted using a mobile phase of acetonitrile-water-acetic 
acid (5050:2 v/v/v). A t  a flow rate of 1 ml/min, the retention times of 
fenoprofen and the internal standard were 8 and 12 min, respectively. 


The absorbance was monitored at  272 nm. The method requires 1.0 ml 
of plasma and is sensitive to 0.5 pg/ml. This procedure has been used for 
routine assay of multiple samples from bioavailability and compliance 
studies. 


Keyphrases 0 Fenoprofen-high-performance liquid chromatographic 
analysis, human plasma High-performance liquid chromatogra- 
phy-assay, fenoprofen, human plasma Anti-inflammatory agents- 
fenoprofen, high-performance liquid chromatographic analysis, human 
plasma 


The pharmacological and toxicological properties of 
fenoprofen [dZ-2-(3-phenoxyphenyl)propionic acid, I] have 
been studied extensively and were reviewed recently (1-3). 
Compound I was shown to be absorbed readily after oral 


administration. It is extensively metabolized to I glucu- 
ronide and to dl-2-[3-(4-hydroxyphenoxy)phenyl]propi- 
onic acid (11) glucuronide, both of which are excreted 
rapidly in the urine (4,5). 
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Table I-Efficiency of the Extraction of Fenoprofen from 
Plasma 


CH3 
I 


As I and other anti-inflammatory agents of the arylal- 
kanoic acid family were discovered, methodology for 
assaying these compounds in plasma was developed (6-12). 
Most of the methods employ GLC of the derivatized drug. 
Although these methods are reported to be accurate and 
reproducible, they require extensive sample cleanup prior 
to derivatization of the extracted compounds. Liquid 
chromatographic methods were reported recently for the 
analysis of naproxen in plasma and urine (13) and of ke- 
toprofen in biological fluids (14,15). 


This paper reports a simple, sensitive, and reproducible 
high-performance liquid chromatographic (HPLC) plasma 
assay of I that was used in bioavailability studies. 


EXPERIMENTAL 


Chemicals and Reagents-Fenoprofen sodium [sodium dZ-2-(3- 
phenoxypheny1)propionate dihydrate], dl-2-[3-(4-hydroxyphenoxy)- 
phenyllpropionic acid (II), and dl-2-(4-phenoxyphenyl)valeric acid (111) 
as the internal standard were synthesized'. All organic solvents were 
distilled in glass2. Sodium hydroxide, hydrochloric acid, and acetic acid 
were analytical grade. Plasma was separated from fresh heparinized blood 
of normal human volunteers. The plasma was pooled and stored at 4' in 
glass containers and used within 1 month. 


Instrumentation-The chromatograph consisted of a pump3, an 
autosample injector4 modified with a pneumatic-actuated injection valve 
fitted with a 50-pl sample loop5, a microparticulate reversed-phase col- 
umn6 (30 cm X 3.9 mm), a variable-wavelength detector7, and a poten- 
tiometric recorders. 


The HPLC system was operated at  ambient temperature with aceto- 
nitrile-distilled water-acetic acid (50502 v/v/v) as the mobile phase at 
a flow rate of 1.0 ml/min. Prior to use, the mobile phase was degassed by 
refluxing for 10 min. The detector was set at 272 nm and a sensitivity of 
0.02 aufs. 


Procedure-A calibration curve was prepared by pipetting 1.0 ml of 
fresh human plasma into five individual centrifuge tubes followed by the 
addition of 0,50,150,300, and 600 pl of an aqueous solution of 100 pg of 
Ilml. The tubes represented 0,5,15,30, and 60 pg of I/ml of plasma, re- 
spectively. To each tube was added 0.5 ml of I11 (60 pg/ml) in 0.01 N 
NaOH. 


The standards were acidified with 1 ml of 1.0 N HC1 and vortexed, and 
I and I11 were extracted into 10 ml of butyl chloride by use of a rotating 
mixer9 set at 20 rpm for 10 min. The rotating speed should be low enough 


1 Eli Lilly and Co., Indianapolis, Ind. 
Burdick & Jackson Laboratories, Muskegon, Mich. 
Model 6000A, Waters Associates, Milford, Mass. 
Model 725, Micromeritics Instrument Corp., Norcross, Ga. 
Model 70-10A, Rheodyne, Berkeley, Calif. 


6 GBondapak alkylphenyl, Waters Associates, Milford, Mass. 
Model 450, Waters Associates, Milford, Mass. * Model 355, Linear Instruments Corp., Irvine, Calif. 
Roto-Torque, Cole Parmer, Chicago, Ill. 


Peak Heights, mm (SD) 


rcdml Standardsa Standards* Efficiency, % 
Fenoprofen Added, Absolute Extracted Extraction 


15 
30 
60 


21.5 io.oj 95.5 
57.8 (0.4) 55.6 (0.4) 96.2 
119.0 (2.1) 113.3 (0.5) 95.2 


4 Two replicates. * Four replicates. Corrected to reflect 75% recovery of butyl 
chloride. 


Table 11-Reproducibility of Standard Curves of Fenoprofen in 
Human Plasma on 3 Successive Days 


Fenoprofen Fenoprofen (SD) 
Added, Peak Height Ratio (SD) of Found, 
pg/ml Fenoprofen to Internal Standard CcgIml 


5 
15 
30 
60 


0.401 (0.024) 
1.063 (0.044) 
2.131 (0.064) 
4.286 (0.110) 


5.36 (0.48) 
14.70 (0.11) 
29.78 (0.85) 
60.15 (0.39) 


a Linear regression equation: y = 0.07132 (0.00224)~ + 0.02779 (0.04308); r = 
0.99970 (0.00028). 


so that emulsification does not occur. The organic phase was separated 
by centrifugation at  2000 rpm for 5 min and then transferred to another 
centrifuge tube containing 1.0 ml of 0.1 N NaOH. The phases were mixed 
at  40 rpm for 5 min and separated by centrifugation, and the butyl 
chloride was discarded. The aqueous phase (0.7 ml) was placed into an 
autoinjector sample viallo, and 50 pl of the solution was injected onto the 
column. One milliliter of the unknown plasma samples was assayed for 
I in a similar manner. 


The calibration curve was constructed by plotting the peak height 


A 


m 
I 


1_ 
C 


IlII 


1 --- I 
16 8 0 16 i 0 1 6 8  0 


MINUTES 


Figure 1-Chromatograms of the extracts of a plasma sample at time 
zero spiked with 30 pg of III/ml (A), human plasma spiked with 15 pg 
of fenoprofen (I)  and 30 pg of IIIlml (B), and a plasma sample taken 
0.5 hr after administration of 300 mg of I and spiked with 30 pg of IlIlml 
fC). 


lo Catalog models 08035-A and 41221013, Brockway Glass Co., Indianapolis, 
Ind. 
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Table 111-Precision of the HPLC Assay for Fenoprofen in 
Human Plasma 


In viug Pools of Fenoprofen (n = 5) 
1 2 3 4 


5.66 4.28 11.90 22.82 
2.30 1.87 1.34 1.10 


4.24 3.28 10.96 22.38 
3.54 3.96 2.65 1.16 


5.14 3.80 11.80 22.32 
5.06 4.47 3.14 1.70 


Overall DreciRion 
Betwten-day RSD, % 14.2 13.1 4.3 1.06 
Within-day RSD, % 3.8 3.5 2.5 1.33 
Total RSD. % 14.7 13.6 5.0 1.70 


ratios of I to I11 uersus the concentration of I per milliliter of plasma. The 
concentration of I in the unknown samples was obtained by determining 
the peak height ratios of the samples and reading from the calibration 
curve. 


Bioavailability Study (9)-The utility of this method for determining 
the concentration of I in plasma was demonstrated by assaying plasma 
samples from three subjects administered a single 300-mg oral dose of 
I. 


RESULTS AND DISCUSSION 


A UV spectrum of a solution of I (1 mg/ml) in the mobile phase showed 
the absorption maximum to be at  272 nm with shoulders a t  265 and 279 
nm. 


Table I gives the extraction efficiency of I from plasma. The UV re- 
sponse (as noted by peak height) of absolute standards of 5,15,30, and 
60 pg of I/ml were compared to the same concentrations of extracted 
standards from plasma. These data showed -95% recovery of I from 
plasma. 


The day-to-day variability of the calibration curves was determined 
by preparing and assaying spiked standards of 5,15,30, and 60 pg of I/ml 
of plasma on 3 successive days (Table 11). The calibration curves were 
linear and reproducible over the concentration range of 5-60 pglml; the 
mean (SD) linear regression equation was y = 0.07132 (0.00224)~ + 
0.02779 (0.043081, and the mean (SD) correlation coefficient was 0.99970 
(0.00028). 


The within-day and between-day variabilities of the assay were de- 
termined by utilizing plasma samples obtained during a bioavailability 
study. These samples were mixed into four pooh on the basis of their drug 
concentrations. Each in uitro pool then was assayed in quintuplicate on 
3 different days (Table 111). The within-day variability was <4% RSD 
for the four pools, which ranged from 4 to 23 pg of Uml; however, the 
between-day variability of the 4.28- and 5.66-pg/ml pools was larger, 13.1 
and 14.2 RSD, respectively. 


Quantitation of I in plasma samples that were assayed immediately 
and again after several months of storage at  4O showed that there was no 
significant drug loss. 


Chromatograms of extracts from a plasma sample containing 111 at  0 
hr, a plasma sample spiked with I and 111, and a plasma sample taken 0.5 
hr after administration of a single 300-mg dose of I plus added I11 are 
shown in Fig. 1. Compounds I and I11 (Rt of 8 and 12 min, respectively) 
were well separated from endogenous interferences. 


The elution time of the major metabolite, I1 (Rt -6 min), was suffi- 
ciently different from I so as not to interfere in the assay. Plasma samples 
from subjects receiving 300 mg of I contained only traces of unconjugated 
11. 


Injection of 50 pl of 0.1 N NaOH containing I had no effect on the 
elution time or the peak height of I when compared with a 50-p1 injection 
of I in the mobile phase. The amount of acetic acid (0.38 M) in the mobile 
phase was more than sufficient to neutralize rapidly the sodium hy- 
droxide (0.1 N )  in the injection solvent. The sodium hydroxide solution 
was used in the assay of hundreds of samples with no deleterious effect 
on column resolution. 


The plasma concentration-time profile of I from three subjects in the 
bioavailability study is shown in Fig. 2. The among-subject variability 
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Figure 2-Plasma time-concentration profiles of fenoprofen after 
administration of a single oral dose of 300 mg to three subjects. Key: 
0--, Subject RB; 0, Subject ML; and O---, Subject DP. 


was evident by examination of the differences in the Concentration 
maxima and time to reach the peak blood level concentration. 


Ibuprofen and benoxaprofen had identical elution times as I under the 
assay conditions described. Therefore, this assay cannot be used to dis- 
tinguish between these drugs in clinical samples. Naproxen, with an 
elution time of 7.8 min, can be distinguished from I. 


The described assay was used routinely during the past year to study 
the bioavailability of fenoprofen from dosage forms containing 50-300 
mg of I. The method is simple, sensitive, and reproducible. 
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Abstract  Levothyroxine sodium was estimated from tablet formula- 
tions of levothyroxine sodium and liotrix (liothyronine sodium-levo- 
thyroxine sodium combination tablet). The procedure consisted of the 
addition of 3,3’,5’-triiodothyronine as the internal standard to the pul- 
verized sample, followed by an acidic butanol extraction, evaporation, 
and injection onto a pBondapak reversed-phase high-performance liquid 
chromatographic column. The eluent was methanol-water-phosphoric 
acid (50500.1), and the effluent was monitored by UVdetection at 254 
nm. A standard linear calibration curve was obtained for direct standard 
solutions equivalent to 18-225 k g  of levothyroxine sodium/tablet. The 
procedure is sensitive enough for single-tablet analysis. Using this pro- 
cedure, content uniformity studies were performed on liothyronine so- 
dium tablets, levothyroxine sodium tablets, and liotrix tablets. The 
procedure also was adapted for conducting dissolution studies on levo- 
thyroxine sodium tablets in deionized water using the rotating-paddle 
method. 


Keyphrases High-performance liquid chromatography-analysis, 
liothyronine sodium and levothyroxine sodium in tablet formulations 
0 Liothyronine sodium-high-performance liquid chromatographic 
analysis in tablet formulations o Levothyroxine sodium-high-perfor- 
mance liquid chromatographic analysis in tablet formulations 


In cases of hypothyroidism, a number of medications are 
available for thyroid replacement therapy including thy- 
roid tablets, thyroglobulin tablets, and tablets containing 
synthetic amino acids, liothyronine sodium, and levothy- 
roxine sodium. The thyroid medications are prescribed 
frequently, and an evaluation of the top 100 prescribed 
drugs in 1978 ranked a tablet dosage form containing the 
sodium salt of levothyroxine’ as the 44th most frequently 
prescribed drug. 


BACKGROUND 


The present USP procedure for the analysis of liothyronine sodium 
and levothyroxine sodium is based on the estimation of organic iodine 
(1). Procedures based on estimation of the iodine content are not specific 
since they do not distinguish between the various iodine-containing amino 
acids and, a t  the same time, do not distinguish between the active in- 
gredient and the decomposition products. For the analysis of liotrix 
tablets (liothyronine sodium-levothyroxine sodium combination tablet), 
the USP method (2) consists of a laborious extraction, column chroma- 
tography, and UV determination. 


Both the iodine content determination and column chromatography 
are insensitive and require a t  least 0.3<3-1 mg of the active ingredient for 
the analysis. Since the smallest dosage form of liotrix tablets contains 
3.1 pg of liothyronine sodium and 12.5 pg of levothyroxine sodium, about 
110 tablets are needed for a single analysis by the column chromato- 
graphic procedure. Although the USP (3) suggests content uniformity 
determination for all solid dosage forms that contain <50 mg of the active 
ingredient, a compendial requirement for content uniformity is absent 
for liothyronine sodium tablets, levothyroxine sodium tablets, and liotrix 
tablets. Furthermore, a compendial requirement for dissolution of these 
thyroid drugs is not imposed. 


Synthroid, Division of Travenol Laboratories, Deerfield, IL 60015. 


The Food and Drug Administration enacted its bioavailability and 
bioequivalence regulations to create a mechanism and means for estab- 
lishing the bioequivalence and therapeutic equivalence of generic drug 
products. At present, bioequivalence of thyroid products or products 
containing the synthetic analogs and equivalence between the natural 
and synthetic products have not been established. Before undertaking 
bioequivalence studies, it was essential to develop simple and specific 
methods for the analysis of thyroid dosage forms. T o  perform content 
uniformity studies of the tablets, the required procedures must be sen- 
sitive and specific as compared to the present nonspecific iodine content 
assay. Moreover, content uniformity studies should be performed prior 
to dissolution and bioavailability studies since meaningful data can be 
obtained only on tablets that  meet the criteria for content uniformity. 


Few reports have appeared on the analysis of tablet dosage forms 
containing liothyronine sodium and levothyroxine sodium. Graham et 
al. (4) developed a procedure that can be applied to a tablet dosage for- 
mulation containing as low as 5 pg of liothyronine sodium or levothy- 
roxine solution. However, this method is cumbersome and nonspecific. 


A literature search for analytical methodology (5-13) revealed that 
previously published procedures based on TLC, paper chromatography, 
and column chromatography are either semiquantitative or extremely 
laborious and insensitive. Although some reported GLC methods (1424) 
seem to have the needed sensitivity, most of the studies were done on pure 
synthetic mixtures or the procedures have not yet been adopted for es- 
timation from tablets. 


High-performance liquid chromatography (HPLC), a powerful ana- 
lytical tool, is being used increasingly in the thyroid field (25-32). Karger 
and Su (25) demonstrated that thyroidal amino acids could be separated 
on a high-performance partition column. An instrument manufacturer 
(26) reported a reversed-phase HPLC method for the separation of 
liothyronine and levothyroxine in -10 min. Hearn et al. (27) carried out 
a detailed investigation on qualitative separations following the method 
described in Ref. 26. Cieri and Illuminati (5) used HPLC to detect the 
presence of diiodothyronine in liothyronine sodium. Similarly, Smith 
and Graham (28) adapted the procedure described in Ref. 26 for esti- 
mation of impurities of diiodothyronine and triiodothyronine in pure 
levothyroxine samples. 


Subsequent reports appeared in which the sensitivity of detection was 
improved (29) and in which the HPLC procedure was used in the analysis 
of thyroglobulin (30) or of the activity of an enzyme involved in thyro- 
globulin biosynthesis (31). The first adaptation of a procedure showing 
the feasibility of the HPLC procedure for the analysis of liothyronine 
sodium tablets appeared recently (32). In the present study, the proce- 
dure was investigated further for the analysis of levothyroxine sodium 
and liotrix tablets, for the determination of the content uniformity for 
liothyronine sodium, levothyroxine sodium, and liotrix tablets, and for 
dissolution studies on levothyroxine sodium tablets. 


EXPERIMENTAL 


Reagents and Chemicals-Liothyronine sodium and levothyroxine 
sodium hexahydrate were obtained commercially2. 3,3’,5’-Triiodothy- 
ronine was obtained as a gift3. Commercial brands of liothyronine sodium 
tablets USP, levothyroxine sodium tablets USP, and liotrix tablets USP 
were purchased from a wholesale drug distributor4. All chemicals were 


~~ ~~ 


* Sigma Chemical Co., St. Louis, Mo. 
Nuclear-Medical Laboratories, Dallas, Tex. ‘ The liothyronine tablets (Manufacturer A), levothyroxine sodium tablets 


(Manufacturers B and C), and liotrix tablets (Manufacturers D and E) were ob- 
tained from District Wholesale Co., Washington, D.C. 


0022-35491 8 11 0200-0 13 1$0 1.001 0 
@ 198 1, American pharmaceutical Association 
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reagent grade. Stock solutions of liothyronine sodium, levothyroxine 
sodium, and 3,3’,5’-triiodothyronine were made in 2% ammonium hy- 
droxide in methanol a t  100 pg/ml, and appropriate dilutions were made 
when required. 


Apparatus-The modular high-performance liquid chromatograph 
consisted of a constant-flow pump5, a loop-type injector6, a UV detector7, 
and a strip-chart recorders (0.25 cm/min). Stainless steel  column^^^^^, 
packed with fully porous 10-pm silica particles to which was chemically 
bonded a monomolecular layer of octadecylsilane, were obtained com- 
mercially. A stainless steel precolumn” (2.5 X 0.25 cm) packed with a 
pellicular reversed-phase material was used. Co:Pel ODS was placed in 
line to remove unwanted material from the sample prior to passage onto 
the analytical column. Dissolution studies were performed on the dis: 
solution apparatus1* using the USP rotating-paddle method. 


Chromatographic Conditions-The mobile phase was methanol- 
water-phosphoric acid (50:50:0.1 v/v/v). Flow rates of 1.5 and 2 ml/min 
were used in the analyses of liothyronine sodium tablets and levothy- 
roxine sodium and liotrix tablets, respectively. Another mobile phase that 
was useful was prepared by mixing methanol and 0.1 M ammonium ac- 
etate (pH 5.0) in a 50:50 (v/v) ratio. The flow rate was 2 ml/min (Fig. 1). 
The mobile phase was degassed prior to use. 


Procedure--All of the glass vessels were silanized, and the glassware 
was wrapped with aluminum foil. A single tablet of levothyroxine sodium, 
liothyronine sodium, or liotrix or a weighed amount of ground powder 
of any of these tablets was taken in an erlenmeyer flask and assayed as 
described previously for liothyronine sodium tablets (32). 


Levothyroxine sodium concentrations were determined from a stan- 
dard curve. The standard curve was obtained from standard samples, 
each containing 50 pg of 3,3’,5’-triiodothyronine (the internal standard) 
and 18-225 pg of levothyroxine sodium. The standard samples were 
subjected to the same procedure as the tablets. The peak height ratio of 
levothyroxine sodium to the internal standard was plotted against the 
concentration of levothyroxine sodium, and a straight-line correlation 
was obtained (r = 0.9993). A standard curve was developed similarly with 
liothyronine sodium and 3,3’,5’-triiodothyronine (the internal standard) 
to obtain a straight-line correlation (r = 0.995), and liothyronine sodium 
concentrations were obtained from the standard curve. 


Recovery-Known aliquots from solutions containing different 
concentrations of levothyroxine sodium were injected onto the high- 
performance liquid chromatograph, and peak heights were obtained. A 
straight-line correlation was obtained for the peak height as a function 
of concentration. Similarly, peak heights obtained from experimentally 
processed samples gave a straight-line correlation when plotted against 
concentrations. The ratio of the slopes was used to estimate the percent 
recovery. The recoveries for levothyroxine sodium were excellent (98- 
100%). 


Precision-The precision of the method for determining levothy- 
roxine sodium was established by analyzing standard solutions of levo- 
thyroxine sodium of several concentrations. The samples were analyzed 
in triplicate as described. 


Dissolution Studies on Levothyroxine Sodium-Dissolution studies 
were conducted only on levothyroxine sodium tablets. The USP rotat- 
ing-paddle method was used with 500 ml of deionized water as the dis- 
solution medium at 37 f 0.5’. 


Feasibility for Various Dosage Forms-Dissolution studies were done 
a t  50 rpm on four dosage forms, i.e., 25,50,100, and 200 pg, of two com- 
mercial brands. A single sample of the dissolution medium was taken at 
the end of 40 min. The procedure for estimation of levothyroxine sodium 
in the dissolution sample will be described. 


Time Course Study-Feasibility for the time course study was con- 
ducted on 0.5-mg levothyroxine sodium tablets. The speed of the paddles 
was set at  75 rpm. Samples were taken a t  5,10,20,40,80, and 100 min. 
The dissolution samples were processed as will be described. 


Estimation of Levothyroxine Sodium-The dissolution sample was 
filtered, and a known volume (50 ml for 25-, 50-, and 100-pg tablets, 25 
ml for 200-pg tablets, and 10 ml for the time course of dissolution) was 
placed in the erlenmeyer flask. To this sample was added concentrated 
hydrochloric acid equivalent to 25% of the volume of the sample and 1.5 


Model 6000A, Waters Associates, Milford, Mass. 
6 SVOV-fi, Clenco Scientific Inc., Houston, Tex. 


Model 440, Waters Associates, Milford, Mass. 
8 Direct-current analog recorder, Linear Instruments Corp. 


pRondapak C18 column (30 cm X 3.9 mm i.d.), Waters Associates, Milford, 


lo Partisil ODs-3 column (25 cm X 4.fi mm i.d.), Whatman, Clifton, NJ. 
11 Whatman. Clifton, NJ. 


Mass. 


Model 72 S 115, Hanson Research Corp., Northridge, Calif. 
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Figure 1-High-performance liquid chromatogram of liothyronine (I), 
3,3’,5’- triiodothyronine (II, internal standard), and levothyroxine (III) 
obtained on a pBondapak CIS reversed-phase column using a mobile 
phase of methanol-0.1 M ammonium acetate (pH 5.0) (5050 v h ) .  


volumes of n-butanol. Ten  micrograms of 3,3’,5’-triiodothyronine (the 
internal standard) also was added, and the mixture was stirred for 30 min. 
The mixture then was placed in a separator. The upper butanolic layer 
was separated and washed four times with water-saturated butanol. The 
washed butanolic solution was evaporated to dryness. The residue was 
dissolved in a known volume of 2% ammonium hydroxide in methanol 
(usually 200 pl), and an aliquot was injected onto the high-performance 
liquid chromatograph. 


Levothyroxine sodium concentrations were determined from a stan- 
dard curve obtained by plotting peak height ratios of levothyroxine so- 
dium and the internal standard as a function of known levothyroxine 
sodium concentrations. These samples were subjected to the same ex- 
perimental conditions as the dissolution samples from the tablets. 


RESULTS AND DISCUSSION 


Several solvent systems were investigated for the HPLC analysis of 
the thyroidal amino acids, and methanol and ammonium acetate gave 
good separation of liothyronine, 3,3’,5’-triiodothyronine (the internal 
standard), and levothyroxine (Fig. 1). Several commercially available 
columns also were tried. A Partisil ODS-31° column gave better separation 
than that reported by Hearn et al. (27) under their given conditions (Fig. 
2). However, both the pBondapak Cl8 and the Partisil ODs-3 columns 
were satisfactory. Hence, the analysis of liothyronine sodium and levo- 
thyroxine sodium from tablets was carried out on a pBondapak Cl8 col- 
umng and the dissolution samples of levothyroxine sodium were analyzed 
on a Partisil ODs-3 columnlo. 


Table  I-Precision of the HPLC Method for  Levothyroxine 
Sodium from Standard Solutions 


Total Theoretical Amount Found 
Amount, pg (Range), pg CV”, 70 


18 17.7 (17.5-17.8) 1.4 
27 26.7 (26.0-27.2) 2.5 
63 65.9 (64.9-66.5) 1.3 
90 88.5 (87.8-89.3) 0.8 


180 175.4 (173.0-177.6) 1.3 
225 228.5 (226.7-231.8) 1.2 


O n = 3 .  
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Figure 2--High-performance liquid chromatograms of liothyronine 
(I), 3,3‘,5‘-triiodothyronine (II,  internal standard), and levothyroxine 
( I l l )  obtained on a pBondapak CIS reversed-phase column using a 
mobile phase of methanol-water-phosphoric acid (50:50:0.1 u/v) (A) 
and of I-Ill obtained on a Partisil ODs-3 reversed-phase column using 
the same mobile phase (B). 


Levothyroxine sodium tablets were assayed following the general 
method described for the analysis of liothyronine sodium tablets. Analysis 
of levothyroxine sodium tablets by HPLC (without the internal standard) 
revealed that 3,3’,5’-triiodothyronine is not present in significant amounts 
(<2%) so it is a suitable internal standard. A straight-line correlation was 
obtained between the peak height ratios of levothyroxine sodium to 
3,3’,5’-triiodothyronine (the internal standard) and the concentration 
of levothyroxine sodium. The method gave good precision (coefficient 
of variation of 52.5%) for levothyroxine sodium in the range of 18-225 
pg (Table I). Similarly, good correlation was obtained between the peak 
height ratio of liothyronine sodium to 3,3’,5’-triiodothyronine (the in- 
ternal standard) and the liothyronine sodium concentration in the range 
of 10-70 pg. The concentrations of liothyronine sodium and levothyroxine 
sodium from samples of unknown concentrations were determined from 
such standard curves. 


Table 11-Content Uniformity of Liothyronine Sodium Tablets 


Content uniformity is a general requirement in the USP for all dosage 
forms that contain active ingredients of 50 mg or less, provided that there 
is a method available for the analysis of a single tablet (3). Content uni- 
formity assuTZs that successive units from a given container will provide 
substantially equal amounts of drug. The dosage strengths that are 
marketed for liothyronine sodium tablets range from 5 to 50 pg; for le- 
vothyroxine sodium tablets, they range from 25 to 500 pg; and for liotrix 
tablets containing liothyronine sodium and levothyroxine sodium, they 
range from 3.1 pg of liothyronine sodium and 12.5 pg of levothyroxine 
sodium to 62.5 pg of liothyronine sodium and 250 pg of levothyroxine 
sodium. 


Commercially available liothyronine sodium tablets were analyzed. 
In addition, for two of the dose levels, 20 tablets were pulverized, and 
composite powder equivalent to a single tablet was weighed and analyzed 
in triplicate. The analytical results are presented in Table 11. The mean 
value of the composite material was in close agreement to the mean of 
the 10 individual analyses. The USP states that  liothyronine sodium 
tablets contain an amount of liothyronine sodium equivalent to not less 
than 90.0% and not more than 110.0% of the labeled amount of liothy- 
ronine. Hence, the individual assay values of the tablets were reported 
for liothyronine and not for liothyronine sodium. If the general USP re- 
quirement for content uniformity is imposed, the individual analysis for 
the tablets for liothyronine should be in the range of 100 f 15%. A t  both 
dose levels, these tablets conformed to the compendial requirements. 


Individual tablet analysis of 100- and 200-pg levothyroxine sodium 
tablets from two manufacturers was carried out, and the results are shown 
in Table 111. If general compendial requirements are imposed, the tablets 
should contain 102.5 f 15%, i.e., 87.3-117.5%, of the active ingredient. 
The tablets conformed to these requirements. Similarly, liotrix tablets 
of two commercial brands, at a single dose level, were subjected to indi- 
vidual tablet analysis. Liothyronine sodium and levothyroxine sodium 
were analyzed simultaneously. Both brands of tablets met the compendial 
assay requirement of 86.1-116.4% (101.25 f 15%) of the declared value 
for both liothyronine sodium and levothyroxine sodium contents. The 
results are presented in Table IV. 


The fifth supplement to USP XIX also requires that the weight ratio 
of levothyroxine sodium to liothyronine sodium be 4:l. The ratio in the 
present experiments was in the range of 3.69 f 0.32 for tablets from one 
manufacturer and 3.51 f 0.12 for tablets from another manufacturer. 
Thus, both firms failed to meet the ratio requirement. If both liothyronine 
sodium and levothyroxine sodium are allowed by the USP to be present 


Dosage 
Strength, 


Manufacturer Irg 
Individual Tablet Assay 


as Liothyronine, pg 


Percent of Analysis of 
Labeled Composite, 


Mean f SD Strength pg f SDa 


A 25 22.1, 25.7,21.2,21.3,21.9,23.1,23.2,24.9,22.8, 27.4 23.4 f 2.0 84.9-109.4 23.2 f 0.9 
B 50 48.6,48.1,48.1,50.1,46.1,48.1,45.7,40.7,48.5,57.0 47.9 f 1.8 90.9-101.3 48.0 f 0.4 


Average of three determinations. 


Table 111-Content Uniformity of Levothyroxine Sodium Tablets U S P  


Dosage 
Manu- Strength, 
facturer fig Individual Tablet Assay, pg 


Mean Percent 
of Labeled 


Mean (Range), pg Strength (Range) 
~~ ~ 


B 100 92.7,97.2, 100.0,95.7,96.8,101.3,94.7,98.2,101.4,102.0 98.0 (92.7-102.0) 98.0 (92.7-102.0) 
B 200 188.3,182.1, 180.8,184.9, 201.9, 187.9,184.9,189.0,196.6, 188.5 188.5 (180.0-201.9) 94.2 (90.4-100.9) 


C 200 197.5. 196.5,187.3.192.2,183.2,196.7.196.5,195.9,192.3, 205.5 194.3 (183.2-205.5) 97.2 (91.6-102.7) 
C 100 104.0,93.6,93.9,94.4,95.0,94.6,94.2,89.3,98.8,98.9 95.7 (89.3-104.0) 95.7 (89.3-104.0) 


Table IV-Content Uniformity of Liotrix (Liothyronine Sodium-Levothyroxine Sodium) Tablets U S P  


Liothyronine Sodium Levothyroxine Sodium 
Amount Range Amount Range Ratio of 


and Range- and Range- Levothyroxine 
of Percent of Percent Sodium to 


Manufacturer and Mean (Individual of Labeled Mean (Individual of Labeled Liothyronine 
Labeled Dosage Tablet Analysis), j g  Strength Tablet Analysis), pg Strength Sodium f SD 


~ ~~ ~~ ~ 


D, 45 pg of liothyronine 48.2 (47.6,48.8,48.8,48.8, 46.7-48.8 pg 169.3 (162.0,169.7,171.5, 162.0-176.2 pg 3.51 f 0.12 


E, 62.5 pgof liothyronine 64.0 (60.2,65.2,58.8,66.9, 58.2-69.8pg 235.2 (234.6,237.0,237.4, 219.8-258.1 pg 3.69 f 0.32 


sodium and 180 pg of 48.8,46.7,48.8,47.4, 104.9-108.4% 163.8,174.4,171.8,168.3, 90.0-97.88% 
levothyroxine sodium 47.6,48.8) 176.2,169.7,165.8) 


sodium and 250 pg of 64.1,58.2,68.8,69.8, 93.1-111.7% 245.5,258.1,226.2,249.6, 87.9-103.2% 
levothvroxine sodium 63.9.64.2) 221.3.221.3.222.6) 
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Table V-Dissolution Study of Levothyroxine Sodium Tablets 
USP in 500 ml of Deionized Water Using 50-rpm Rotating- 
Paddle Method 


Average Percent 
Manufacturer Dosage, pg Dissolved a t  40 min SD 


B 25 
50 
100 
200 


31.6 
51.1 
44.2 
60.3 


5.0 
5.3 
10.2 
18.7 


C 25 58.9 6.2 
50 47.6 13.2 
100 43.3 7.3 
200 56.2 10.4 


a t  an amount of 101.25 f 15%, it is possible that one component may be 
present at  the higher limit (116.4%) and the other one may be present at  
the lower limit (86.1%), and the tablet still may pass the content unifor- 
mity requirement. In such a case, the tablet cannot meet the 41 levo- 
thyroxine sodium to liothyronine sodium weight ratio requirement. For 
example, for a liotrix tablet containing 100 pg of levothyroxine sodium 
and 25 pg of liothyronine sodium, if levothyroxine sodium is present a t  
the upper limit, 116.4% (i.e., 116.4 pg of levothyroxine sodium) and 
liothyronine sodium is present at the lower limit, 86.1% (i.e., 25 pg X 0.861 
= 21.53 pg), the levothyroxine sodium to liothyronine sodium ratio would 
be 5.41. A t  the other extreme, where levothyroxine sodium is present at  
the lower permitted limit and liothyronine sodium is present at  the higher 
permitted limit, the ratio is 2.95. Hence, the levothyroxine sodium to 
liothyronine sodium ratio could vary from 2.95 to 5.41 while still meeting 
the compendia1 requirements for content uniformity of the individual 
active ingredients. This point could be important for the physician pre- 
scribing these drugs, and it is recommended that the USP look into the 
conflicting requirements for content uniformity and the levothyroxine 
sodium to liothyronine sodium weight ratio. 


The applicability of this new procedure for analysis of samples from 
the dissolution medium was investigated. The dissolution procedure was 
tested only on levothyroxine sodium tablets. A straight-line correlation 
was obtained using standard solutions of levothyroxine sodium and 
3,3’,5’-triiodothyronine (the internal standard) as described under Ex- 
perimental (r = 0.999; CV = 4.5% in the range of 0-20 pg of levothyroxine 
sodium). The feasibility of this procedure was tested on four dosage levels 
of levothyroxine sodium for two commercial brands, and the dissolution 
ranged between 30 and 60% after 40 min (Table V). The method proposed 
here appears to be suit,able for study of the dissolution at  a single time 
point. 


This procedure also appears to be useful for time course studies of 
dissolution for a higher dosage of levothyroxine sodium tabfets (Fig. 3). 
The dissolution studies and content uniformity studies were preliminary 
feasibility studies only, and a detailed investigation is underway. 


The utility of the HPLC method for the analysis of levothyroxine so- 
dium tablets, the determination of content uniformity of liothyronine 


-,--- 
20 40 60 80 100 


MINUTES 
Figure 3-Dissolution profile obtained for 500-pg levothyroxine sodium 
tablets USP in 500 ml of deionized water at 37” using the USP rotat- 
ing-paddle method at 75 rpm. 


sodium, levothyroxine sodium, and liotrix tablets, and for dissolution 
studies of levothyroxine sodium tablets was demonstrated. The method 
is simple, specific, and sensitive. 
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Abstract Propildazine degradation in water a t  pH 7.4 was studied 
under aerobic conditions. Three main products were isolated by column 
chromatography and identified on the basis of IR, UV, and NMR spec- 
troscopy and mass spectrometry and by comparison with synthetic 
samples. Drug disappearance in water was monitored by UV spectro~copy 
and was concentration, pH, temperature, and oxygen dependent. Pro- 
pildazine degradation also was followed in methanol a t  various pH 
values. 


Keyphrases Propildazinedegradation in water, ionization constants, 
pKa determination, identification of degradation products 0 Antihy- 
pertensive agents-propildazine, degradation in water, identification 
of degradation products Degradation-propildazine in water and 
methanolic solutions, determination of products 


Propildazine (I) is a new antihypertensive drug. Because 
of its potent peripheral vasodilatory action (1, 2), it has 
been subjected to pharmacological screening (3-5) and 
clinical trials (6-10). Compound I can be stored easily as 
the dihydrochloride, but its conjugated bases (monohy- 
drochloride and free base) are, like hydralazine (ll), un- 
stable. Therefore, good characterization and under- 
standing of the stability of I in solution are needed for 
pharmacokinetic and preformulation studies. 


This study identified the major degradation products 
resulting from the hydrolysis of I a t  pH 7.4; in addition, 
estimates were made of its hydrolysis in aqueous buffers 
a t  pH 6.0,7.4, and 9.0 a t  26 and 3 7 O .  Isolation of the deg- 
radation products was carried out by preliminary column 
chromatography and subsequent monitoring by TLC. New 
structures were elucidated by IR, UV, NMR, and mass 
spectral techniques. For analytical purposes (12), decom- 
position of I in methanolic solution was also followed. 


EXPERIMENTAL 


Materials-All chemicals were reagent grade. Distilled water was used 
for preparing aqueous solutions’. Spectrophotometric grade methanol 
was used for UV determinations. The identity and purity of I were veri- 
fied by IR2, UV3, NMRQ, and mass6 spectra, melting point (215-218” 
dec.), elemental analysis, and TLC [silica gel plates6 buffered at pH 5; 
eluent of acetone-0.1 N HCl(7010); Rf 0.681. 


Determination of Ionization Constants-The pKa values of pro- 
pildazine were determined at  25’. A 10-ml sample of a 3.7 X M so- 
lution of I in water was titrated with 0.01 N NaOH (COz free). The change 
in pH as a function of the titrant delivered was monitored by a pH meter7 
equipped with a glass electrode. 


The pKa values were estimated to be 3.2 (amine group) and 7.1 (hy- 
drazine group). 


Hydrolytic Degradation-A solution of 2 g (7.4 mmoles) of I in 2 li- 
ters of pH 7.4 phosphate buffer was incubated in daylight at 26”. The 
degradation of I was monitored by UV detection at  244 nm, and the in- 
cubation was stopped after 14 days when the maximum absorbance was 
obtained. The aqueous solution was evaporated in uacuo, and the residue 


Buffers Normex, Carlo Erba, Milan, Italy. 
2 Perkin-Elmer model 177 spectrophotometer. 
3 Beckman DB-GT spectrophotometer. 


Perkin-Elmer model R 12 B spectrometer (60 MHz). 
Varian MAT model 112 spectrometer. 


6 Silica gel 60-FzM, Merck, Darmstadt, West Germany. 
7 Corning model 7. 


was dried over phosphorus pentoxide, triturated with methanol, and 
filtered. The solvent was removed, and the resulting syrupy liquid was 
passed through a silica gel column using methanol-chloroform (298) as 
the eluent. The collected fractions were examined by TLC on silica gel 
plates developed with chloroform-methanol (8020). 


Preparation of Standarde3-[(2-Hydroxypropyl)methylamino]- 
pyridazine (II)-To a solution of 2 g of 3-chloro-6-[(2-hydroxypro- 
py1)methylaminolpyridazine (1) in 40 ml of methanol was added 200 mg 
of 5% palladium-on-charcoal. The reduction was performed at room 
temperature under hydrogen (1.3 atm). The catalyst was filtered, the 
solvent was evaporated, and the residue was treated with alkali and ex- 
tracted with chloroform. 


The extract was dried and the solvent was evaporated to give an oil. 
This oil was distilled at 150°/0.8 mm Hg to yield 0.84 g (51%) of a pale- 
yellow oil; IR (liquid film): 3350 (OH) and 1595,1500, and 805 (pyridazine 
moiety) cm-l; UV (methanol): maxima at  251 and 332 nm; NMR (CDCl3): 
6 8.43 (dd, J = 1.5 and 4.5 Hz), 7.2 (dd, J = 4.5 and 9.5 Hz), 6.93 (dd,J  
= 1.5 and 9.5 Hz, aromatic H), 4.7 (broad OH), 4.19 (m, CH-OH), 3.60 
(d, J = 5.3 Hz, N-CH3,3.14 (s, NCHs), and 1.22 (d, J = 6 Hz, CHCH3) 
ppm; mass spectra (70 ev, 1.5 mamp): m/z 167 (23%, M+), 122 (100, [M 
- CHsCHOH]+), 109 (371, and 94 (26). 


Anal.-Calc. for CsHlaNaO C, 57.46; H, 7.83; N, 25.12. Found: C, 57.59; 
H, 7.84; N, 25.34. 
3-[(2-Hydroxypropyl)methylamino]pyridazine-6-one (III) -A SO- 


lution of 2 g (10 mmoles) of 3-chloro-6-[(2-hydroxypropyl)methyl- 
amino)pyridazine (1) and dry potassium acetate (1.18 g, 0.12 mmole) in 
20 ml of acetic acid was refluxed for 4 hr. The solvent was removed in 
uacuo, and the residue was hydrolyzed in boiling 10% HCl for 1 hr. The 
solution was made alkaline with ammonium hydroxide and evaporated 
in uacuo. The resulting oil was passed through a silica gel column and 


6 H  
I 


n@ p~ 7.4 


pK2 7.1 
t base 


I 
monohydrochloride 4 


/ 
CH&HCHZ 


““\N@N / 


I 
CH3CHCH2 


OH OH 
I 


I1 rn 


\ N  e - N a N ’ c H 3  \ 
CH&HCH, 


/ 
CHFHCH, 


I 1 
OH OH 


Iv 
Scheme I-Proposed degradation pattern of propildazine in aqueous 


solution. 
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200 250 300 


F u u r e  1-Representative UV absorption spectra of propildazine (pH 
7.4,3.7 X 10-5 M, 26O) at  different times. Key: A, t = 0; and Q, 10 times 
the half-life. 


eluted with chloroform-methanol (955) to give 0.46 g (25%) of I11 as a 
white powder, mp 152-154O, from ether-methanol (9010); IR (mineral 
oil): 3260 (OH), 1685 (C=O), and 1600,1550, and 843 (ppidmine moiety) 
cm-'; UV (water): maxima at  245 and 352 nm; NMR (dimethyl sulfox- 
ide-de): 6 12.00 (NH), 7.47 and 6.75 (ABq, JAB = 10.2 Hz, aromatic H), 
4.70 (d, J = 4.7 Hz, CH-OH), 3.87 (m, CHOH), 3.22 (d, J = 6 Hz, 
N-CHz), 2.93 (s, NCHs), and 1.05 (d, J = 6 Hz, CHCHs) ppm; mass 
spectra (70 ev, 1.5 mamp): mJz 183 (179'0, M+), 138 (100, [M - 
CH3CHOH]+), 125 (5), and 110 (22). 


Anal.-Calc. for C & ~ S N ~ O ~ :  C, 52.44; H, 7.15; N, 22.93. Found C, 
52.45; H, 7.17; N, 22.89. 
3 - [(2 - Hydroxypropyl)methylamino]-6-isopropylidenehydrazino- 


pyridazine Hydrochloride (V)-A suspension of I (2.7 g, 10 mmoles) in 
50 mi of ethanol was stirred with sodium bicarbonate powder (1.68 g, 20 
mmoles) under nitrogen at  room temperature for 2 hr. Salts were re- 
moved, and the solvent was evaporated in vacuo. The resulting syrupy 
liquid was treated with acetone (15 ml) and cooled to yield 1.85 g (68%) 
of V as a yellow powder, mp 115-120* dec.; IR (mineral oil): 3420 (OH), 
3350 (NH), 1645, 1570, 1520, and 830 (pyridazine moiety) cm-'; UV 
(methanol): maxima a t  368 and 280 nm; NMR (dimethyl sulfoxide-ds): 
6 8.00 (s, aromatic H), 3.95 (m, CH), 3.43 (d, J = 5.3 Hz, N-CH2), 3.08 (a, 
N-CHa), 2.10 and 2.07 [s, C(CH&], and 1.09 (d, J = 6.0, CH-CH3) ppm; 
mass spectrum (70 ev, 1.5 mamp): m/z 237 (16%, M+), 222 (100, [M - 
CH$), and 192 (28, [M - CH&HOH]+). 


Anal.-Calc. for CllH19N50aHC1: C, 48.26; H, 7.36; C1,12.95; N, 25.58. 
Found C, 48.31; H, 7.37; C1,12.92; N, 25.54. 


Degradations-The aqueous solutions of I (3.7 X loe5 M, 3.7 X lo-' 
M, and 3.7 X 10-3 M) were prepared in phosphate (pH 6.0 and 7.4) and 
borate (pH 9.0) buffers. The ionic strength was adjusted to 0.13 with 
potassium chloride. The reaction flasks were kept in a constant-tem- 
perature water bath in the dark at 37 or 26O. Aliquots of the solution were 


h. nm 


3 


1 


0 
10 30 60 70 90 110 130 


MINUTES 
Figure 2-Profiles of logarithmic normalized absorption (254 nm) 
versus time. Top: Degradation at  different oxidative and pH conditions 
(c 3.7 X M, 37O). Key: I, anaerobic conditions, pH 7.4; 2, aerobic 
conditions, pH 6.0; 3, aerobic conditions, pH 7.4; and 4, aerobic condi- 
tions, pH 9. Bottom: Degradation a t  different concentrations and 
temperatures (aerobic conditions, pH 7.4). Key: 5, c 3.7 X M, 37'; 
6, c 3.7 X M, 
37O. 


withdrawn periodically, and the UV spectra were scanned from 350 to 
200 nm. The methanolic solutions of I (1.85 X 10-5 M, 3.7 X M, and 
3.7 X M) were prepared in 1 N methanolic HCI, in methanol, and 
in 0.9 M methanolic trimethylamine and maintained in the dark at  room 
temperature. The degradative behavior of these solutions was verified 
by following the change of their UV spectra as a function of time. 


M, 37O; 7, c3.7 X 10-5 M, 2 6 O ;  and 8, c 3.7 X 


RESULTS AND DISCUSSION 


Three main degradation products, A-C, were isolated on column 
chromatography (Scheme I). 
Compound A-The Rf value (0.51) of this oily compound and the IR, 


UV, NMR, and mass spectra were identical with those of the synthetic 
standard 11. 


Compound B-The isolated product had an Rf 0.22, and the melting 
point was undepressed (150-153O) in admixture with the synthetic sample 
111. The spectral data were consistent with the assigned structure. 


Compound C-After the separation of B, the eluate was concentrated, 
and the oily residue was crystallized from chloroform-methanol to afford 
a bright-yellow product, mp 219-223', Rf 0.24. 


Anal.-Calc. for ClaHz4Ng02: C, 53.32; H, 6.71; N, 31.08. Found C, 
53.38; H, 6.72; N, 31.02. 


The spectra in the UV and visible high region showed an absorption 
maximum at  420 nm, which shifted to 365 nm after catalytic reduction 
with palladium-on-charcoal a t  room temperature and normal pressure. 
The IR spectra exhibited bands at  3380 cm-l (OH stretching) and at  
1590,1490,845, and 837 cm-l, characteristic of a substituted pyridazine 
ring. Moreover, the proton resonances in dimethyl sulfoxide solution 
confirmed the presence of the same side chain already observed in I and 
11, while the AB quartet at 7.84 and 7.33 (J = 10 Hz) was consistent with 
a 3,6-disubstituted pyridazine structure. 


The mass spectrum indicated the presence of a molecular ion at  mJz 
362, corresponding to the reduced hydrazo derivative of IV. This result 
may be due to reduction of IV by moisture in the mass spectrometer 
source (13). When deuterium oxide was introduced, peaks at mlz 363 and 
364 were observed contemporaneously; the fragmentation pattern with 
peaks at mJz 332 and 278 ruled out isotopic substitution on the side chain. 
All of these data and the elemental analysis were in agreement with the 
unusual proposed structure bis-3-[6-(2-hydroxypropyl)methylamino- 
pyridazineldiazene (IV). 
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Propildazine degradation in water was monitored by following the 
change in absorbance ( A )  at 254 nm as a function of time. Two isosbestic 
points at 233 and 279 nm were observed (Fig. 1). The logarithms of the 
normalized difference in the absorbance (At -A,/Ao-A,, A ,  being 
calculated after about 10 half-lives) were plotted against time (Fig. 2). 
The resulting profiles are clearly concentration (curves 5,6, and 81, pH 
(curves 2 4 ,  and temperature (curves 7 and 8) dependent. Moreover, 
the behavior at pH 7.4, using water bubbled with nitrogen and maintained 
under nitrogen, showed that oxygen also plays a significant role in the 
hydrolytic degradation of I (curves 1 and 3). 


Propildazine is stable in acidic methanolic solution (0.1 N methanolic 
HCl, A,, 254 nm unvaried after 2 days), while it is rapidly degraded in 
methanolic trimethylamine. Moreover, in methanol concentrations of 


M, I showed a UV spectrum that rapidly changed ita maximum from 
259 to 280 nm. This variation was due to trace amounta of acetone present 
in the spectroscopic grade methanol which reacted with I. In fact, I is a 
very strong carbonyl group scavenger, giving rise to the corresponding 
hydrazone 3-isopropylidenehydrazine-6-[( 2-hydroxypropy1)methyl- 
aminolpyridazine (V) (see Experimental). 


It is worthwhile to remember the importance of in uiuo hydrazone 
formation (14, 15) to explain the prolonged antihypertensive effect of 
hydralazine-like compounds. 
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Abstract A high-pressure liquid chromatographic assay was developed 
for the analysis of the P-adrenergic blocking agent nadolol as a bulk 
material or formulated in a tablet. Other @-adrenergic blocking drugs such 
as acebutolol, alprenolol, atenolol, metoprolol, oxprenolol, pindolol, 
practolol, propranolol, sotalol, and timolol can be chromatographed in 
this system. An ethylsilane column and a mobile phase consisting of 35% 
methanol-65% aqueous 0.0005 M hydrochloric acid-0.05 M sodium 
chloride are used. Detection is either a t  254 nm with a fixed UV wave- 
length detector or a t  the peak maximum of 220 nm with a variable- 
wavelength detector. As exemplified by nadolol, the drug content can be 
quantitated with or without atenolol as an internal standard. 


Keyphrases 0 Nadolol-high-pressure liquid chromatographic analysis 
0 8-Adrenergic blockers-high-pressure liquid Chromatographic analysis 
0 High-pressure liquid chromatography-analysis, nadolol and 10 other 
8-adrenergic agents 


,L3- Adrenergic blocking drugs are presently being used 
for the treatment of diseases characterized by excess 
sympathetic nervous activity (1). These illnesses range 
from cardiac arrhythmia, sinus tachycardia, angina pec- 
toris, hypertension, and migraine to anxiety, essential 
tremor, alcoholism, and drug dependence. 


A high-pressure liquid chromatographic (HPLC) assay 
was developed for nadolol, cis-5-[3-((1,1-dimethyleth- 
yl)amino)-2-hydroxypropoxyl] - 1,2,3,4 - tetrahydro-2,3- 
naphthalenediol, a potent P-adrenergic blocking drug, both 


as bulk material and in tablets. The chromatographic 
system also elutes other P-adrenergic blocking agents such 
as acebutolol, alprenolol, atenolol, metoprolol, oxprenolol, 
pindolol, practolol, propranolol, sotalol, and timolol a t  
convenient retention times. An analytical profile on na- 
dolol was published previously (2). Nadolol was deter- 
mined in tablets using colorimetry (3) and in serum using 
GLC-mass spectrometry (4) or fluorometry (5). 


The reported chromatographic procedures are mainly 
for 6-adrenergic blocking agents in body fluids: propran- 
0101 in plasma (6-11), atenolol in plasma (12,13), alprenolol 
in serum (141, oxprenolol in blood or plasma (15,16) and 
in liver tissue (17), acebutolol in serum (18), and practolol 
in plasma and urine (19). Presumably, these methods could 
be modified for bulk and formulated material. 


EXPERIMENTAL 


Materials-Acebutolol', alprenolo12, atenoloP, metoprolo14, nadolo15, 
oxprenolo14, pindolo16, practolo17, propranolo15, sotalols, and timololg were 
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E. R. Squibb and Sons. 
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Abstract Starting with readily available aryl 4-substituted-1,2,3- 
thiadiazol-5-yl ketones, a series of 1-[(4-substituted-l,2,3-thiadiazol- 
5-yl)arylmethyl] -4-methylpipermines was synthesized and tested for 
antihistaminic and anticholinergic activities. Four compounds were 
potent antihistamines, and two of these compounds displayed moderate 
anticholinergic activity. 


Keyphrases Antihistaminic activity-l-[(4-substituted-1,2,3- 
thiadiazol-5-yl)arylmethyl] -4-methylpipermines, synthesis, IR, NMR, 
and mass spectral analyses 0 Anticholinergic activity-1-[(l-substi- 
tuted-1,2,3-thiadi~l-5-~)arylmethyl]-4-methylpiperazines, synthesis, 
IR, NMR, and mass spectral analyses 1-[(4-Substituted-l,2,3-thi- 
adiszol-5-yl)arylmethyl]-4-methylpiperazines-synthesis, antihistaminic 
and anticholinergic activity 


It was reported that piperazine derivatives such as 
chlorcyclizine (I) and meclizine (11) have significant anti- 
histaminic activity (1). 1,2,3-Thiadiazole derivatives of 
benzimidazole, benzoxazole, and benzothiazole were re- 
ported to be anthelmintics (2). Some phosphorus com- 
pounds having the 1,2,3-thiadiazole ring system showed 
insecticide activity (31, and 4-amino-1,2,3-thiadia- 
zolesulfonamides exhibited antibacterial properties (4). 
The synthesis and antibacterial activity of 4-substi- 
tuted-(l,2,3-thiadiazol-5-yl)carbamic acid esters were 
reported recently (5). 


In a continuing effort to find a potent antihistamine with 
low toxicity (6), a series of 1-[(4-substituted-l,2,3-thi- 
adiazol-5-yl)arylmethyl]-4-methylpiperazines was pre- 
pared, and efficacy was determined. 


RESULTS AND DISCUSSION 


Chemistry-Ethyl 4-substituted-1,2,3-thiadiazole-5-carboxylates 
were prepared by an oxidative cyclization of methyl or methylene ketone 
semicarbazones with thionyl chloride (7). 
Aryl4-phenyl-1,2,3-thiadiazol-5-y1 ketones (IV, R = C6H5) were pre- 


pared from the reaction of aryllithium (8) with 4-phenyl-1,2,3-thiadia- 
zole-5-carboxylic acid (111, R = CSH~), and aryl4-methyl-l,2,3-thiadia- 
zol-5-yl ketones (IV, R = CH3) were prepared from the Friedel-Crafts 
reaction of 4-methyl-1,2,3-thiadiazole-5-carboxyl chloride (V, R = CH3) 


w 
I 


+ 


-R’ 


/ 
/ 


w 
3 


I 


I 
CH3 


M 
a:  R = CH,, R = H 
b:  R = CH,, R’ = CH, 
c: R = CH,, R’ = CH,O 
d :  R -  CH,, R = Br 


e :  R = CH,, R’ = C1 
f :  R =  C,H,, R’ = H 
g: R =  C,H,, R = M, 
h:  R = C,H,, R’ = C1 


Scheme Z 
with aromatic hydrocarbones. Reduction of IV with sodium borohydride 
gave (4-substituted-l,2,3-thiadiazol-5-yl)arylcarbinol (VI). Reaction of 
VI with thionyl chloride in benzene at  room temperature gave VII as an 
intermediate, which was transformed to VIII a t  80°. The latter compound 
afforded IX through reaction with N-methylpiperazine. Transformation 
of VII (R = CHs, R’ = OCH3) to VIII could not be achieved under dif- 
ferent experimental conditions. In all cases, a mixture of products was 
obtained. However, VII (R = CH3, R’ = OCH3) could be converted di- 
rectly to IX (R = CH3, R’ = OCH3) through the reaction with N- 
methylpiperazine (Scheme I). 
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Table I-Aryl 4-Substituted- 1,2.3-thiadiazol-5-y1 Ketones a 


Melting Analysis, % 
Compound R R' Yield, % Pointb Formula Calc. Found 


H 70 180-182' CioHsNzOS C 58.82 58.66 
H 3.92 3.74 
N 13.73 13.64 


87 170-172' CiiHioNzOS C 60.55 60.72 
H 4.59 4.75 
N 12.84 12.99 


56.60 OCH3 66 53-55' 
4.39 


N 11.97 11.81 
Br 71 82-84' C&7BrNzOS C 42.40 42.35 


H 2.47 2.65 
N 9.89 9.72 


50.50 C 50.31 
H 2.94 2.75 
N 11.74 11.86 


CsH6 H 66 130-132' Ci6HioNz0S C 67.67 67.48 
3.89 


N 10.53 10.65 
68 88-90' CiaHizNzOS C 68.57 68.71 


H 4.29 4.12 
N 10.0 10.15 c1 50 137-139' Ci&ClNaOS c 59.90 59.98 
H 2.99 3.15 
N 9.32 9.51 


0 IR, NMR, and mass spectra of all cornpounds were as expected. * Unless otherwise indicated, the recrystallization solvent waa ether. The boiling point was obtained 


IVa CH3 


IVb CH3 CH3 


IVC 


IVd CH3 


IVe CH3 


IVf H 3.76 


IVg c6H5 CH3 


IVh CaH6 


Cl iHdzOzS C 56.41 CH3 
H 4.27 


c1 64 55-57' CioH7ClNzOS 


at 4 mm Hg. 


Table II-(4-Substituted-l,2,3-thiadiazol-5-yl)arylcarbinols 


Melting Analysis, % 
Compound R R' Yield, % Pointb Formula Calc. Found 


VIa 


VIb 


VIC 


VId 


VIe 


VIf 


VIg 


VIh 


H 


CH3 


OCH3 


Br 


c1 


H 


CH3 


c1 


90 


84 


96 


72 


86 


91 


86 


94 


94-96' 


113-115' 


111-113' 


102-104' 


108-110' 


58-60' 


63-64' 


86-88" 


C 58.25 
H 4.85 
N 13.59 c 60.00 
H 5.45 
N 12.73 c 55.93 
H 5.08 
N 11.86 
C 42.11 
H 3.16 
N 9.82 c 49.90 
H 3.74 
N 11.64 
C 67.16 
H 4.48 
N 10.45 
C 68.09 
H 4.96 
N 9.93 c 59.50 
H 3.64 
N 9.26 


58.44 
4.98 


13.74 
59.85 
5.63 


12.91 
55.98 
5.24 


11.98 
42.29 
3.28 
9.67 


49.75 
3.61 


11.46 
67.02 
4.29 


10.31 
68.22 


4.78 
9.75 


59.28 
3.82 
9.42 


IR, NMR, end maas spectra of all compounds were as expected. Unless otherwise indicated, the recrystallization solvent wan ether. This compound was cryatallized 
from petroleum ether. 


The physical data for the intermediates IV, VI, and VIII and the final 
compound IX are summarized in Tables I-IV. 


Pharmacological Assay-The compounds listed in Table IV were 
screened for antihistaminic and anticholinergic activities. Isolated guinea 
pig ileum was prepared according to the method of Magnus (9) and sus- 
pended in a 10-ml bath filled with Tyrode solution, which was aerated 
at 36'. The isotonic concentrations were recorded through an isotonic 
transducer on a polygraph1. The pA2 values were determined by a liter- 
ature method (10). 


Histamine and acetylcholine were used as agonists, and promethazine 
was tested for comparison. The results are presented in Table V. 


Compounds IXe-1% were the most potent antihiabnines. However, 
only IXe and IXh displayed moderate anticholinergic activity. The LDm 
value of IXh in mice, estimated by the moving average method (l l) ,  was 
155.5 (141.2-171.4) mg/kg. 


Narco Biosystems. 


EXPERIMENTAL* 


I-Phenyl-lJP-thiadia9ole-S-carborylic Acid (111, R = CeH&)-A 
solution of ethyl 4-phenyl-1,2,3-thiadiazole-5-carboxylate (23.4 g, 0.1 
mole) and sodium hydroxide (4.4 g, 1.1 moles) in ethanol-water (150 ml) 
was refluxed for 2 hr. The solvent was evaporated, and the residue was 
crystallized from ethanol to give 15.6 g (75% yield) of 111, mp 152- 
153'. 


A~l.-Calc. for C&&Ofi: C, 52.43; H, 2.91; N, 13.59. Found C, 
52.61; H, 2.74; N, 13.76. 


Phenyl4-Phenyl-lJ,3-3-tl-S-y1 Ketone (IVQ-To a solution 
of phenyllithium (0.1 mole) in 150 ml of dry ether (12) was added I11 (R 
= C a b  4.12 g, 0.02 mole) a t  0'. The mixture was stirred for 36 hr at mom 


* Melting pointa were taken on a Kotler hot-stage microseope and are unoorrected. 
IR spectra were recorded a Perkin-Elmer 267 spectrometer. Maes spectra we= 
recorded on a Varian M a m  instrument. NMR spectra were determined with a 
Varian T-60A instrument. 
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Table III-5-(cr-Chlorobenzyl)-4-methyl-l,2,3-thiadiazoles 


Melting Analysis, % 
Compound R R Yield, % Point Form u 1 a Calc. Found 


VIIIa CH3 H 76 138-140' (I CioHgClNzS c 53.45 53.28 
4.18 H 4.01 


N 12.47 12.65 
VIIIb CH3 CH3 60 144-146' a CiiHi iCNS c 55.35 55.52 


H 4.61 4.80 
N 11.74 11.92 


VIIId CH3 Br 98 Oil CloHsBrClNzS c 39.54 39.72 
H 2.64 2.46 
N 9.23 9.05 


VIIIe CH3 c1 98 140-142' a CioHsC1zNzS C 46.33 46.48 
H 3.09 3.25 
N 10.81 10.96 


VIIIf C6H5 H 86 104-106' * Ci5HiiCNS C 62.83 62.95 
H 3.84 3.68 
N 9.77 9.59 


VIIIg C6H5 CH3 94 Oil Ci6Hi3C1NzS C 63.89 63.71 
H 4.33 4.18 
N 9.32 9.48 


VIIIh C6H5 c1 95 56-57' CisHioClzNzS C 56.07 56.19 
H 3.12 3.24 
N 8.72 8.91 


(I The boiling point was obtained a t  4 mm Hg. * This compound was crystallized from petroleum ether. c This compound was crystallized from ether. 


Table IV-[(4-Substituted-l,2,3-thiadiazol-5-yl)arylmethyl]-4-methylpiperazines 


Compound R Yield, % 
Melting 
Point" Formula 


Analysis, 5% 
Calc. Found R' 


IXU CH3 H 62 217-218' Ci&oN4S C 62.50 62.68 
H 6.94 6.99 
N 19.44 19.62 


63.74 C 63.58 IXb CH3 CH3 65 152-155' Ci&zzN4S 
H 7.28 1.45 
N 18.54 18.72 


IXC CH3 OCH3 65 145-148' Ci6HzzN40S C 60.38 60.19 
H 6.92 6.98 
N 17.61 17.43 


IXd CH3 Br 62 156-160' Ci5H19BrN4S C 49.05 49.22 
H 5.18 5.34 
N 15.26 15.08 


68 160-163' Ci5Hi9CNS C 55.81 55.69 
H 5.89 5.95 
N 17.36 17.18 


75 226-230' CzoHzzN4S C 68.57 68.74 _ _  . 
H 6.29 6.18 
N 16.0 16.18 


1% C6H5 CH3 70 251-255' CziHz4N4S C 69.23 69.18 
H 6.59 6.74 
N 15.38 15.24 


IXh C6H5 c1 86 192-196' CzoH2iCWS C 62.42 62.31 
H 5.46 5.29 
N 14.56 14.38 


a All compounds were crystallized from absolute ethanol as the hydrochloride. 


temperature under nitrogen, water was added, and the ether was evap- 
orated. The residue was distilled to give 3.5 g (66% yield) of IVf, bp 
130-132' (4 mm); IR (KBr): 1660 (C=O) cm-'; mass spectrum: m/z 
(relative intensity) 266 (M+, 45), 208 (451,207 (681,195 (41), 194 (64), 167 
(43),99 (61), 56 (1001, and 44 (23). 


Anal.-Calc. for C15H10N20S: C, 67.67; H, 3.76; N, 10.53. Found: C, 
67.48; H, 3.89; N, 10.65. 
p-Chlorophenyl4-Phenyl-1,2,3-thiadiazol-5-yl Ketone (1Vh)-To 


a stirring solution of p-chlorophenyllithium, prepared from p-chloro- 
bromobenzene (9.575 g, 0.05 mole) and n-butyllithium (32 ml of 10% 
solution in hexane, 0.05 mole) according to the literature (81, was added 
111 (R = C6Hsp2.06 g, 0.01 mole). The mixture was stirred overnight under 
nitrogen at  room temperature. Ice water was added to the mixture, fol- 
lowed by extraction with ether. The ether was dried, filtered, and evap- 
orated. The residue was purified by TLC (silica gel, chloroform-petro- 
leum ether, 5050) and crystallized from ether to give 10.5 g (50% yield) 
of IVh, mp 137-139'; IR (KBr): 1650 (C=O) cm-l. 


Anal.-Calc. for C1SHgClNzOS: C, 59.90; H, 2.99; N, 9.32. Found C, 
59.98; H, 3.15; N, 9.51. 


Compound IVg was prepared similarly. 
4-Methyl-l,2,3-thiadiazol-5-carboxyl Chloride (V, R = CHs)-A 


mixture of 4-methyl-1,2,3-thiadiazole-5-carboxylic acid (14.4 g, 0.1 mole) 
(13) and thionyl chloride (40 ml) was refluxed for 4 hr. The solvent was 


evaporated, and the residue was distilled to give 15.5 g (95% yield) of V 
(R = CHa), bp 102-104' (20 mm). 


And-Calc. for C~H~CINZOS: C, 29.54; H, 1.85; N, 17.23. Found: C, 
29.72; H, 1.98; N, 17.41. 
Phenyl4-Methyl-l,2,3-thiadiazol-5-yl Ketone (1Va)-A stirring 


mixture of V (R = CH3,3.25 g, 0.02 mole) and aluminum chloride (5.34 
g, 0.04 mole) in 30 ml of dry benzene was refluxed for 8 hr. After cooling, 
the complex was decomposed with ice water and dilute hydrochloric acid. 
The organic layer was separated, and the mother liquor was extracted 
once more with benzene. The combined organic solvent was washed with 
a saturated aqueous sodium bicarbonate solution. The organic layer was 
dried, filtered, and evaporated, and the residue was distilled to give 2.9 
g (71% yield) of IVa, bp 180-182' (4 mm); IR (KBr): 1660 (C=O) cm-'; 
NMR (CDC13): 8.0-7.53 (m, 5H, aromatic) and 2.8 (s,3H, CH3) ppm; mass 
spectrum: m/z (relative intensity) 204 (M+, 2), 186 (38), 105 (28), and 77 
(100). 


And-Calc. for CloHsN20S: C, 58.82; H, 3.92; N, 13.73. Found C, 
58.66; H, 3.74; N, 13.64. 


Compounds IVb-IVe were prepared similarly a t  the boiling point of 
the respective solvent, except IVc which was prepared at  100' (Table 
I). 
(4-Methyl-1,2,3-thiadiazol-5-yl)phenylcarbinol (VIa)-To a 


stirring solution of IVa (2.04 g, 0.01 mole) in 50 ml of methanol was added 
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Table V-Antihistaminic and Anticholinergic Activities of 
1,2,3-Thiadiazole Derivatives 


pA2 Values 
Antihistaminic Anticholinergic 


I 


Compound Activity Activity 


IXa 
IXb 
IXC 
IXd 
IXe 


5.37 NT” 
4.59 NT,“ 
5.02 - 
5.22 - 
6.69 4.94 


b 


6.92 
6.67 


7.72 f 0.26 


b 
b 


- 
- 
4.6 


6.9 
(5) 


Promethazine 10.47 


Not tested. * Inactive up to the concentration of 2 X M. 


sodium borohydride (0.38 g, 0.01 mole). The mixture was stirred 30 min. 
Water (100 ml) was added to the mixture, which then was extracted with 
chloroform (3 X 100 ml). The chloroform was dried, filtered, and evap- 
orated, and the residue was crystallized from ether to give 1.85 g (90% 
yield) of VIa, mp 94-96O; IR (KBr): 3250 (OH) cm-’; NMR (CDCl3): 7.36 
(s,5H, CC&), 6.11 (s, lH, HCO), 3.56 (broad s, lH, OH), and 2.41 (s,3H, 
CH3) ppm; mass spectrum: m/z (relative intensity) 206 (M+, l), 177 (22), 
107 (loo), 79 (99),77 (99),51(66), and 45 (65). 


Anal.-Calc. for C~OH~ON~OS:  C, 58.25; H, 4.85; N, 13.59. Found C, 
58.44; H. 4.98; N, 13.74. 


Compounds VIb-VIh were prepared similarly (Table 11). 
5-(a-Chlorobenzyl)-4-methyl-l,2,3-thiadiazole (VII1a)-A so- 


lution of VIa (2.06 g, 0.01 mole) and thionyl chloride (4 ml) in 120 ml of 
dry benzene was stirred overnight. The mixture was filtered, and the 
solvent was evaporated. The residue was distilled to give 1.70 g (76% yield) 
of VIIIa, bp 138-140’ (4 mm); NMR (CDCl3): 7.40 (8 ,  5H, C6H6), 6.25 
(8 ,  lH, HCCl), and 2.55 (s,3H, CH3) ppm; mass spectrum: m/z (relative 
intensity) 224 (M+, 2), 195 (561,161 (56), 125 (68), and 59 (100). 


Anal.-Calc. for CloH9ClN2S: C, 53.45; H, 4.01; N, 12.47. Found C, 
53.28; H, 4.18; N, 12.65. 


Compounds VIIIb-VIIIh were prepared similarly (Table 111). 
1-[ (4-Methyl-l,2,3-thiadiazol-5-yl)phenylmethyl] - 4-methylpi- 


perazine (1Xa)-A solution of VIIIa (2.245 g, 0.01 mole) and N- 
methylpiperazine (2.0 g, 0.02 mole) in 30 ml of pyridine was refluxed 
under nitrogen overnight. The solvent was evaporated. Water (15 ml) 
was added to the residue and then extracted with ether. The ether was 
evaporated, and the residue was purified by TLC (chloroform-methanol, 
955) to give 1.73 g (60% yield) of IXa; NMR (CDCl3): 7.33 (s,5H, C&), 
4.7 (s,lH,HCN),2.56 (s,3H,CH3),2.46 (s,8H,CH~N),and 2.3 (s,3H, 
CH3) ppm. 


Anal.-Calc. for C15H2oNrS: C, 62.50; H, 6.94; N, 19.44. Found C, 
62.68; H, 6.99; N, 19.62. 


This compound was crystallized as the hydrochloride (mp 217-218O) 


Compounds IXb and IXd-IXh were prepared similarly (Table IV). 
1-[ (4-Methyl-l~,3-thiadiazol-5-yl)-p-methoxyphenylmethyl]-4- 


methylpiperazine (1Xc)-A solution of VIc (2.36 g, 0.01 mole) and 
thionyl chloride (4 ml) in 120 ml of benzene was stirred overnight. The 
solvent was evaporated under reduced pressure at  0’ to give VIIc as an 
oil; IR (KBr): 1250 and 1180 (SOz) cm-’; NMR (CDC13): 7.14 (q, 4H, 
aromatic), 6.26 (8,  lH, HCOSOCl), 3.8 (s, 3H, CH30), and 2.55 (s,3H, 
CH3) ppm. This compound was not purified further. To the residue were 
added pyridine (25 ml) and N-methylpiperazine (2 g, 0.02 mole). The 
mixture was refluxed under nitrogen and treated as was IXa to give 2.1 
g (66% yield) of IXc; NMR (CDC13): 7.0 (q, 4H, aromatic), 4.65 (s, IH, 
HCN),3.73 (s,3H,CH30),2.53 (s,3H,CH3),2.43 (s,8H,CH~N),and 2.23 
(s,  3H, CHZN) ppm. 


Anal.-Calc. for C16H22N40S: C, 60.38; H, 6.92; N, 17.61. Found: C, 


This compound was crystallized from absolute ethanol as the hydro- 


from absolute ethanol. 


60.19; H, 6.98; N, 17.43. 


chloride, mp 145-148’. 
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Abstract 0 The synthesis, local anesthetic and antiarrhythmic prop- 
erties, and CNS toxicity of 19 2-(2-alkylaminoalkylamido)pyrroles are 
described. Most of the compounds exhibited local anesthetic activity by 
the guinea pig wheal test, and four showed activity comparable to or 
greater than that of lidocaine. Most compounds also exhibited antiar- 
rhythmic activity; five compounds had activity comparable to that of 
lidocaine, and one was more potent. All compounds exhibiting antiar- 
rhythmic activity also were toxic to the central nervous system. 


Keyphrases o 2-(2-Alkylaminoalkylarnido)pyrroles-synthesis and 
evaluation for local anesthetic and antiarrhythmic properties and CNS 
toxicity 0 Antiarrhythmic agents-2-(2-alkylaminoalkylamido)pyrroles, 
synthesis and evaluation for activity 0 Anesthetic activity-2-(2-alk- 
ylaminoalkylamido)pyrroles, synthesis and evaluation for local anesthetic 
activity 


The success of lidocaine as a local anesthetic (1) and 
antiarrhythmic agent (2) has served as an impetus for the 
synthesis and pharmacological evaluation of numerous 
analogs and homologs of this drug. Modifications of the 
aminoacyl portion of this structure and the effects of these 
modifications on biological activity have been studied 
extensively (3-6). 


Branching of the aminoacyl chain in this structure has 
proven to be a successful structural modification for local 
anesthetic and antiarrhythmic properties. From these 
research endeavors, prilocaine (7), etidocaine (8), me- 
pivacaine (9), and bupivacaine (9) have been introduced 
as local anesthetics. More recently, tocainide (I) was syn- 


I 


A 
11: Z = C N  


111: Z = CONHI, 


lv 


thesized (4) and currently is in the third phase of clinical 
trials as an orally effective antiarrhythmic agent. 


In previous work directed toward heterocyclic replace- 
ment of the benzenoid ring system in lidocaine, the syn- 
thesis and local anesthetic and antiarrhythmic properties 
of a series of 2-diethylaminoacetamido-3-cyano-4- 
methyl-5-substituted pyrroles (11) and a series of the cor- 
responding 3-carbamyl analogs (111) were studied (10,ll). 
The results of these studies, together with the positive 
results obtained from branching of the aminoacyl chain 
in lidocaine, prompted the synthesis and pharmacological 
evaluation of the alkylaminoalkylamides (IV) of various 
substituted 2-aminopyrroles. 


RESULTS AND DISCUSSION 


Chemistry-The synthesis of the alkylaminoalkylamides (IV) of 
substituted 2-aminopyrroles is illustrated in Schemes 1-111. All of the 
compounds possessing an asymmetric center were obtained as a racemic 
mixture, and no attempts were made to resolve the racemates. 


Acylation of 2-amino-3-cyano-1,4,5-trimethy~pyrrole (V) (12) in ace- 
tone, utilizing pyridine as a base, with 2-bromopropionyl chloride or 
chloroacetyl chloride gave the a-haloamide (VIa or VIb), respectively 
(Scheme I). The 2-(2-alkylaminopropionamido)-3-cyano-1,4,5-t.ri- 
methylpyrroles (VIIa-VIIf) were obtained by displacement of the 
a-halogen in VIa with the appropriate primary or secondary amine. This 
displacement was accomplished by refluxing (2-3 hr) a solution of VIa 
in absolute ethanol with a four- to fivefold excess of the amine. 2- 
Diethylaminoacetamido-3-cyano-l,4,5-trimethylpyrrole (VIIg) was 
obtained by reacting VIb with excess diethylamine by the same proce- 
dure. 


In general, the free amines (VIIa-VIIg) were isolated by removal of 
the ethanol and excess unreacted amines in uacuo. The crude residues 
were dissolved in 10% HCl, the solutions were filtered, and the free amines 
(VIIa-VIIg) were extracted into chloroform after the aqueous solutions 
were made basic (pH 9-10) with potassium hydroxide. After the chloro- 
form extracts were dried, the chloroform was removed in uacuo. The 
amine residues (VIIa-VIIg) were purified further by recrystallization 
(or reoiling) from cyclohexane or cyclohexane-benzene (4:l). These 
gummy semisolids or oils were used for hydrochloride salt formation 
without further purification. 


The amine hydrochlorides (VIIIa-VIIIg) were prepared by treating 
an acetone solution of the free amines (VIIa-VIIg) with concentrated 
hydrochloric acid. 


In the second series, 2-amino-3-cyano-4-methyl-5-substituted pyrroles 
(IX-XI) (13, 14) in acetone were acylated with 2-bromopropionyl chlo- 
ride, utilizing pyridine as a base, to yield the corresponding a-halopro- 
pionamides (XII-XIV) (Scheme 11). Nucleophilic displacement of the 
a-halogen with sodium azide in refluxing methanol gave the corre- 
sponding alkyl azides. Catalytic hydrogenation of the alkyl azides at  40-50 
psi, utilizing 10% palladium-on-carbon as the catalyst and methanol- 
chloroform (1003) as the solvent (15), gave the corresponding 2-(2- 
aminopropionamido)-3-cyano-4-methyl-5-substituted pyrrole hydro- 
chlorides (XV-XVII). 


Acylation of 2-amino-3-cyano-4,5-dimethylpyrrole (IX) with 2-chlo- 
ropropionyl chloride by the procedure described previously gave the 
2-chloropropionamide (XVIII) in a 96.1% yield (Scheme 111). Compound 
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0 R, 
II I Hx Cl-C-CH-X , 


NH, acetone/pyridine 


I H3C 


dH, R1 
VIa: It, = CH,, X = Br 
VIb: R, = H, X = CI 


HNR,R, 
ethanol 


concentrated 
hydrochloric acid 


acetone 


reflux J 
NHCOCHNKR, 


I 
CH, R1 


VIIa: R, = CH,, R, = iso-C,H,, R, = H 


VIIc: R, = CH,, R, = R, = C,H, 
VIM: R, = CH,, R, + R, = -(CH,),- 


VIIf: R, = CH,, R, = cyclo-C,H,,, R, = H 
VIIg: R, = H, R, = R, = C,H, 


VIIIa : 
VIIIb : 
VIIIC : 
VIIId : 
VIIIe : 
VIIIf: 
VIIIg: 


VIIb: R ,  = CH,, R, = n'-C,H,, R, = H 


VIIe: R ,  = CH,, R, + R, = -(CH,)5- 


Scheme I 


XVIII, the corresponding 2-bromopropionamide (XII), and 2-(2-bro- 
mopropionamido)-3-cyano-4-methyl-5-isobutylpyrrole (XIII) were 
utilized as precursors for the synthesis of a series of 2-(2-alkylami- 
nopropionamido)-3-cyano-4-methyl-5-substituted pyrroles (XIXa-XIXe 
and XXI). The synthesis of these compounds and their conversion to the 
corresponding hydrochloride salts (XXa-XXe and XXII) were analogous 
to the procedure described in Scheme I. 


Hydrolysis of the nitrile (11) in XVIII in 85% phosphoric acid at  100" 
gave 2-(2-chloropropionamido)-3-carbamyl-4,5-dimethylpyrrole (XXIII) 
in a 46% yield after purification. This intermediate was utilized as a 
common precursor for the synthesis of the 2-(2-alkylaminopropionam- 
ido)-3-carbamyl-4,5-dimethylpyrroles (XXIVa-XXIVc) (Scheme 111). 
The general procedure described previously was utilized in their syn- 
thesis. 


The corresponding hydrochloride salts (XXVa-XXVc) were prepared 
by the acetone-concentrated hydrochloric acid procedure. Compound 
XXVc precipitated from acetone as white crystals; however, upon ex- 
posure to the atmosphere, the hygroscopic salt could not be isolated as 
a solid. After repeated attempts, the free base (XXIVc) was character- 
ized. 


Data for the various 2-haloalkylamides, used as precursors in this study, 
are given in Table I. TLC and elemental analyses were used in deter- 


0 CH, 


acetonelpyridine 


I 
A 


IX: R = CH, 


XI: R = CH,C,H, 
X: R = iso-C,H, 


1. NaN,/methanol 
reflux 


I 
H 


XII: R = CH, 
XIII: R = iso-C,H, 
XIV: R = CH,C,H, 


I ~~ 


2. H,/palladium-on-carbon 
methanol-chloroform 


H3C. CN 


R 


c1- I 
H 


XV: R = CH, 
XVI: R = iso-C,H, 


XVII: R = CH,C,H, 
Scheme II 


CH, Rl c1- 
R,  = CH,, R, = iso-C,H,, R, = H 


R, = CH,, R, = R, = C,H, 
R,  = CH,, R, = n-C,H,, R, = H 


R,  = CH,, R, + R, = -(CH,),- 
R, = CH,, R, + R, = -( CH,),- 
R ,  = CH,, R, = cyclo-C,H, ,, R, = H 
R,  = H, R, = R, = C,H, 


mining the purity of these amides. The IR and NMR spectra were con- 
sistent with the assigned structures. 


The yields, melting points, and purification data for the 2-(2-alk- 
ylaminoalky1amido)pyrroles are given in Table 11. With the exception 
of XXIVc, these amines were characterized as their hydrochloride 
salts. 


Data for the various 2-(2-alkylaminoalkylamido)pyrrole hydrochlorides 
are presented in Table 111. The purity of these salts was determined by 
TLC and elemental analysis. The NMR and IR spectra were consistent 
with the assigned structures. 


Pharmacology-Local Anesthetic Activity-Various degrees of ac- 
tivity were observed for all of the 2-(2-alkylaminoalkylamido)pyrrole 
hydrochlorides that contained the nitrile function at  the 3-position (Table 
IV). Compounds XXa and XXII were comparable to lidocaine by the 
method employed for evaluation of local anesthetic activity. Compound 
XVI was slightly more active than lidocaine. The most potent compound 
in this series was VIIIf. which had a duration of local anesthetic activity 
1.67 times that of lidocaine when compared a t  a concentration of 
0.125%. 


Compounds XXVa-XXVc, which all possess a carbamyl function at  
the 3-position, were devoid of local anesthetic activity. The loss of activity 
may be the result of relatively low lipophilicity. Previous observations 
(10 , l l )  that pyrrole analogs of lidocaine with a 3-cyano suhstituent are 
more potent than the corresponding 3-carbamyl derivatives, except where 
substituents in the 5-position are large and very lipophilic, are consistent 
with this interpretation. 


Antiarrhythmic Activity and Acute Central Nervous System (CNS) 
Toxicity-Both activities were determined in mice following subcuta- 
neous administration of the target compounds. Respiratory arrest was 
induced by exposure to chloroform, and ventricular rates were measured 
from ECG recordings. Reduction of the incidence of ventricular tachy- 
cardia was interpreted as an antiarrhythmic effect. The presence of ataxia 
during the period between drug administration and exposure to chloro- 
form was interpreted as a sign of acute CNS toxicity. 


In general, the compounds listed in Table V evoked dose-dependent 
reductions in the incidence of tachycardia after chloroform treatment. 
Several compounds (VIIIa, VIIId, VIIIe, VIIIg, and XXb) had a potency 
similar to that of lidocaine, and one compound (XVI) was more potent. 
Structure-activity analyses based on the limited chemical and biological 
information gave partially inconsistent results. While the pyrrolidinyl 
derivative VIIId with an "-methyl substituent had the lowest EDSO 
value for protection among VIIIa-VIIIg, the corresponding compound 
with an "hydrogen substituent (XXd) had the highest ED50 value 
(together with XXc) among XXa-XXe. Conversely, while XXb was the 
most potent compound among XXa-XXe, the corresponding VIIIb was 
not particularly potent but was very toxic. In general, pyrrole derivatives 
with an "-methyl substituent appear to be more potent and more toxic 
than those with an "-hydrogen substituent. 


As with lidocaine, these compounds evoked acute CNS side effects a t  
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Table I-Data for 2-Haloalkylamides of Substituted 2-Aminopyrroles 
_ _ _ _ _ _ _ _ _ _ ~ ~  ~ 


Yield, Melting Recrystallization Analysis, % 
Solvent Formula Calc. Found Compound % Point Ria 


VIab 54.2 169-170' dec. 0.55 Ethanol 


VIb 55.4 173-173.5' 0.63 Methanol 


XI1 93.1 212-212.5' 0.65 Ethanol 


CllH14BrN30 C 46.49 47.85 
H 4.97 5.12 
Br 28.12 28.91 
N 14.79 15.17 


CioHizCNO C 53.22 53.10 
H 5.36 5.41 
C1 15.71 15.68 
N 18.62 18.58 


C1oHizBrN30 c 44.44 44.48 
H 4.47 4.48 ~~ 


Br 29.60 29.52 
N 15.56 15.56 


XIIIh 69.3 120-121' 0.69 2-Propanol-water (2:l) ClsHlsBrNXO C 50.01 51.49 
H 5.81 5.68 
Br 25.60 26.34 
N 13.46 13.86 


XIVb 87.3 188.5-189' 0.71 Ethanol C16H16BrN30 C 55.50 58.51 
H 4.66 4.99 
Br 23.08 23.56 
N 12.14 12.74 


XVIII 96.1 190-191' dec. 0.63 Methanol CloHl~ClN30 C 53.22 53.26 
H 5.36 5.39 
C1 15.71 15.68 
N 18.62 18.61 


XXIII 46.0 166.5-167' 0.53 Methanol CioHi4C1N~Oz C 49.28 49.14 
H 5.79 5.83 
C1 14.55 14.49 
N 17.24 17.16 


Ethyl acetate. Repeated attempts to obtain correct elemental analyses for amides derived from 2-bromopropionyl chloride were unsuccessful. IR and NMR spectral 
data were consistent with the assigned structures, the products were homogeneous on TLC, and the products derived from the 2-bromopropionamides gave correct elemental 
analyses. 


Table 11-Data for Substituted 2-(2-Alkylaminoalkylamido)pyrroles 
~~~ ~ ~~ ~~ 


Yield, Reaction Recrystallization 
Compound Precursor % Solventa Solventb Melting Point Formula 


VIIa VIa 90.4 
VIIb Via - 
VIIC Via - 
VIId Via - 
VIIe Via - 
VIIf Via - 
VIIg VIb 62.6 


XIXa XI1 53.4 
XIXb XI1 42.0 
XIXC XI1 34.0 


c 


c 


c 


c 


c 


XIXd XI1 56.9 
XIXe XVIII 68.8 
XXI XI11 75.0 


XXIVa XXIII 36.0 
XXIVb XXIII 52.7 


Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
n-Propanol 
n-Propanol 
Ethan o 1 
Ethanol 
Methanol 
n-Propanol 
Ethanol 
Methanol 


Cyclohexane 
Cyclohexane-benzene (5:l) 
C yclohexane 
Cyclohexane 
Cyclohexane-benzene (41) 
Cyclohexane-benzene (4:l) 


Methanol-water (41) 
Cyclohexane 
Methanol-water (4:l) 
Cyclohexane-benzene (1:l) 


Methanol-water (4:l) 
Methanol-water (9:l) 


d - 


d - 


d - .. _ _  
XXIVce XXIII 10.2 Met h a n o 1 2-Propanol-water (1:2) 185.5-186.5' Ci4H24N402 


0 Absolute. The oils were dissolved in boiling recrystallization solvent(s), treated with activated charcoal, filtered, and collected as oils after cooling. ' Yields were 
Free arnine suitable for hydrochloride salt formation without recrystallization. And-Calc. for XXIVc: C, 59.97; H, 8.63; N, 19.99. not determined for the free base. 


Found: C, 59.80; H, 8.65; N, 19.91. 


doses that were not significantly different from those required for efficacy. 
While VIIIg appeared to have some separation between protection and 
ataxia, there was no significant difference between the ED50 value for 
ataxia and the acute LD5o value determined in the same group of 
mice. 


EXPERIMENTAL 


Chemistry1-2- (2- Bromopropionamido)-3-cyano-4,5-dimethylpyr- 
role (XU)-The procedure for the synthesis of XI1 is representative of 


All IR spectral data were determined on a Beckman Acculab-4 s ectropho 
tometer using the potassium bromide technique. NMR spectra were &ermined 
on a Hitachi Perkin-Elmer R24 high-resolution spectrophotometer with tetra- 
methylsilane as the internal reference. The reported melting points were obtained 
using a Thomas-Hoover capillary melting-point apparatus and are uncorrected. 
The reported analyses of carbon, hydrogen, chlorine, and nitrogen were obtained 
from Atlantic Microlab, Atlanta, Ga. All thin-layer chromatugrams were performed 
using Eastman Chromatogram sheets, type 6060 (silica gel); the sheets were de- 
veloped in an iodine chamber. 


that for VIa, VIb, XIII, XIV, and XVIII. A solution of 2-amino-3- 
cyano-4,5-dimethylpyrrole (IX) (27.0 g, 0.2 mole) (13) in pyridine (17.4 
g, 0.22 mole) and 200 ml of acetone was stirred in an ice bath as 2-bro- 
mopropionyl chloride (37.7 g, 0.22 mole) was added dropwise. After the 
addition was complete, the thick slurry was stirred at room temperature 
for 20 min. The slurry was poured over 500 g of crushed ice, the resulting 
suspension was stirred until the ice had melted, and the crude product 
was collected by filtration. 


The amide was resuspended in 300 ml of distilled water, and the in- 
soluble product was collected by filtration and was air dried. One gram 
of the pale-yellow product (50.3 g, 93.1%) was recrystallized from 40 ml 
of absolute ethanol to yield yellow needles (homogeneous on TLC; in ethyl 
acetate, Rf 0.65), mp 212-212.5'; IR (KBr): 3360,3260,3160,3100,3020, 
2910-2700 (broad), 2210,1670,1620,1510,1470,1440,1360,1230,1210, 
1170, and 700 cm-1; NMR (dimethyl sulfoxide-ds): 6 1.73 (d, 3H, 
CHBrCH3), 1.94 (s, 3H, CH3 at C-4), 2.04 (s,3H, CH3 at C-5), 4.72 (4, IH, 
CHBrCHs), 10.78 (s, lH, NH), and 11.25 (6, lH, NH) ppm. Table I gives 
the results of the elemental analyses. 


2 - (2 - Pyrrolidinopropionamido) -3 - cyano - 4,5 - dimethylpyrrole 
(XIXd)-The procedure for the synthesis of XIXd is representative of 
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Table 111-Data for Substituted 2-(2-Alkylaminoalkylamido)pyrrole Hydrochlorides - 
Yield, Melting Recrystallization Analysis, W 


Compound % Point R/ Solvent Formula Calc. Found 


VIIIa 


VIIIb 


VIIIC 


VIIId 


VIIIe 


VIIIf 


VIIIg 


xv 


XVI 


XVII 


XXa 


XXb 


x x c  


XXd 


XXe 


XXII 


XXVa 


XXVb 


XXVch 


85.0 


79.96 


55.6b 


66.86 


82.1 


63.gb 


81.5 


35.0b 


59.76 


35.6 


99.0 


67.0 


95.0 


93.7 


81.8 


76.4 


49.0 


92.1 


- 


226-227' dec. 


231.5-232' 


244.5-245' 


243.5-244.5' 


215.5-216.5' 


253.5-254.5O 


187-187.5' 


272-275O dec. 


250° dec. 


255-256' dec. 


195-196' dec. 


246-2465' 


245.5-246.5' 


265.5-267' 


252-253' 


120-123' 


213-214' 


242-244' 


- 


0.32" 


0.23" 


0.62d 


0.56d 


0.51" 


0.29" 


0.35" 


0.56d 


0.57d 


0.5gd 


0.52" 


0.59" 


0.55" 


0.41" 


0.50" 


0.65" 


0.52g 


0.32" 


- 


Water 


e - 


- c  


- c  


2-Propanol-hexanes (1:3) 


- c  


Methanol-acetone (1:9) 


-e 


-/ 


Water 


- c  


- c  


- c  


- c  


- c  


2-Propanol-ethyl acetate- 
hexane (1:1:3) 


2-Propanol-acetone (1:5) 


Methanol-acetone (1:3.75) 


- 


C 
H 
c1 
N 
C 
H 
c1 
N 
C 
H 
c1 
N 
C 
H c1 
N 
C 
H 
Cl 
N 
C 
H 
c1 
N 
C 
H 
c1 
N 
C 
H c1 
N 
C 
H 
c1 
N 
C 
H 
c1 
N 
C 
H 
c1 
N 
C 
H 
c1 
N 
C 
H c1 
N 
C 
H c1 
N 
C 
H 
c1 
N 
C 
H 
c1 
N 
C 
H c1 
N 
C 
H 
c1 
N 
- 


57.59 
8.06 


11.33 
17.91 
57.59 


8.06 
11.33 
17.91 
57.59 


8.06 
11.33 
17.91 
54.78 


7.66 
10.78 
17.04 
59.15 
7.76 


10.91 
17.25 
60.25 


8.04 
10.46 
16.53 
56.27 
7.76 


11.87 
18.75 
47.54 


6.42 
14.04 
22.18 
50.66 


7.72 
11.50 
18.18 
60.28 


6.01 
11.12 
17.58 
53.07 
7.95 


11.19 
17.68 
56.27 
7.76 


11.87 
18.75 
56.27 
7.76 


11.87 
18.75 
56.65 


7.13 
11.95 
18.88 
53.75 


6.77 
11.34 
17.91 
59.00 
8.39 
9.68 


15.29 
53.41 
7.36 


11.26 
17.80 
50.83 


7.01 
10.72 
16.94 
- 


57.58 
8.08 


11.33 
17.89 
57.40 


8.08 
11.28 
17.85 
57.46 


8.07 
11.32 
17.86 
54.71 
7.66 


10.74 
17.00 
58.95 
7.80 


10.82 
17.18 
60.25 


8.07 
10.36 
16.43 
56.44 


7.84 
11.82 
18.74 
47.53 


6.42 
14.02 
22.18 
50.64 


7.74 
11.48 
18.16 
60.35 


6.08 
11.08 
17.52 
52.90 
8.00 


11.19 
17.60 
56.33 
7.76 


11.78 
18.80 
56.07 
7.79 


11.80 
18.70 
56.56 
7.16 


11.89 
18.81 
53.72 
6.76 


11.29 
17.85 
59.02 
8.44 
9.68 


15.29 
53.58 
7.32 


11.39 
17.88 
50.80 


7.03 
10.68 
16.91 
- 


Ethyl acetate. * Percent yield is based on the a-haloamide percursor. The salt obtained was analytically pure. 
ethyl acetate and then with boiling 2-propanol. f The crystals were washed with boiling ethyl acetate. 8 2-Propanol. 
therefore, elemental analysis was performed with the free base (XXIVc). 


Acetone. The crystals were washed with boiling 
The hydrochloride salt obtained was deliquescent; 


that of VIIa-VIIg, XIXa-XIXe, XXI, and XXIVa-XXIVc. A solution 
of XI1 (20.25 g, 0.075 mole) in 100 ml of absolute ethanol was stirred while 
pyrrolidine (21.3 g, 0.30 mole) was added. The mixture was refluxed with 


stirring for 6.5 hr, during which time the suspension changed to a clear 
brown solution. The solvent and excess amine were removed in uacuo, 
and the residue was dissolved in 100 ml of 10% HCl. The solution was 
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85% phosphoric 
acid 


H 
XII or X W I  xxm 
XJII 


N H ~  acetonelpyridme 


H H 
M 


I I 


HNR,R, 
alcohol reflux 


XLCNrn - hydrochloric concentrated acid ~ Hx ry 1 
H3 


NHCO H-I$F& 


c1- R1 I 
acetone 


H 
XXa: R, = CH,, R, = iso-C,H,, R, = H, Z 


R1 I 
H 


XI%: R,  = CH,, R, = iso-C,H,, R, = H, Z = CN CN 
XIXb: R, = CH,, R, = n-C4H9, R, = H, Z = CN 
XIXc: R, = CH,, R, = R, = C,H,, Z = CN 


XIXe: R, = CH,, R, + R, = -(CH,),O(CH,),-, Z = CN 


XXb: R,  = CH,, R, = n-C,H,, R, = H, Z = CN 
XXc: R, = CH,, R, = R, = C,H,, Z = CN 


XXe: R, = CH,, R, + R, = -(CH,),O(CH,),-, Z = CN 
XIXd: R, = CH,, R, + R, = -(CH,),-, Z = CN XXd: R, = CH,, R, + R, = -(CH2),-, Z = CN 


XXII: R ,  = iso-C,H,, R, + R, = -(CH2)5-, Z = CN 
XXVa: R,  = CH,, R, + R, = -(CH,)4-, 2 = CONH, 
XXVb: R ,  = CH,, R, + R, = -(CH,),O(CH,),-, 2 = CONH, 


XXI: R ,  = ~ s o - C , ~ ,  R, + R, = -(CH2)5-, Z = CN 
XXIVa: R, = CH,, R, + R, = -(CH,),-, Z = CONH, 
XXIVb: R, = CH,, R, + R, = -(CH,),O(CH2),-, Z = CONH, 
XXIVc: R, = CH,, R, = R, = C,H,, Z = CONH, XXVc: R, = CH,, R, = R, = C,H,, Z = CONH, 


Scheme III 


filtered, and the acidic filtrate was poured over 200 g of ice and alkalinized 
(pH 9) with 10% NaOH. A tan, gummy solid formed, which was extracted 
with three 40-ml portions of chloroform. 


The combined chloroform extracts were washed with two 50-ml por- 
tions of saturated aqueous sodium chloride solution, and the chloroform 
was removed in uacuo. The residue was recrystallized from 60 ml of 
methanol-water ( 2 5 ) ,  yielding a brown, granular solid (11.50 g, 56.9%). 
The crude product was recrystallized twice from 200 ml of benzene- 
cyclohexane (l:l), yielding a tan solid (8.2 g, 42%). This solid was suitable 
for hydrochloride salt formation (homogeneous on TLC; in ethyl acetate, 
Rf 0.48), mp 125-127'. The data for the analogs are given in Table 11. 


2- (2-Pyrrolidinopropionamido)-3-cyano-4,5-dimethylpyrrole Hy- 
drochloride (XXd)-The procedure given for the synthesis of XXd is 


Table 1V-Local Anesthetic Activity of Substituted 2 4 2 -  
Alkylaminoalky1amido)pyrrole Hydrochlorides as Determined 
by the Guinea Pig Wheal Test * 


~~~ ~ 


Solution Concentration 
Comoound 1% 0.50% 0.25% 


Lidocaine 100 (36) 100 (36) 
VIIIa 94 (34) 89 (32) 
VIIIb 100 (36) 69 (25) 
VIIIC 64 (23) 50 (18) 
VIIId 89 (32) 58 (21) 
VIIIe 100 (36) 47 (17) 
VIIIfb 100 (36) 100 (36) 
VIIIg 92 (33) 36 (13) xv 86 (31) 75 (27) 
XVI 100 (36) 100 (36) 


XVII 100 (36) 94 (34) 
XXa 100 (36) 89 (32) 
XXb 100 (36) 92 (33) 
x x c  100 (36) 89 (32) 
XXd 33 (12) 
XXe 97 (35) 


Sodium chloride 0 (00) - 


100 (31) 
71 (22) 
68 (21) 
36 (11) 
61 (19) 
55 (17) 


116 (36) 
26 (08) 
45 (14) 


110 (34) 
77 (24) 
94 (29) 
48 (15) 


22 (07) 
97 (30) 


36 ( i i )  
- 


- 
- 
- 
- 


Values given are percent rotection; the numbers in parentheses represent a 
sum of the number of pinpricL failing to elicit a response (skin twitch or cry) fol- 
lowing intradermal injection of 0.25 ml of the test compound in preshaven guinea 
pig backs (n = 2). * At a concentration of 0.1251, lidocaine protected against 12 
pricks (100%) and VIIIf protected against 20 pricks (167%). 


representative of that of VIIIa-VIIIg, XXa-XXe, XXII, and XXVa- 
XXVc. The free amine (XIXd) (8.2 g, 0.032 mole) was dissolved in 150 
ml of warm acetone and filtered, and the filtrate was treated with 3.0 ml 
of concentrated hydrochloric acid. The sealed flask then was placed in 
the freezer at -30' for 2.5 hr to yield a white powder. The salt (8.9 g, 
93.7%) was collected, washed with acetone, and air dried (homogeneous 
on TLC; in ethyl acetate, Rf 0.41), mp 265.5-267O; IR (KBr): 3300-2800 
(broad), with peaks at 3140,3030,2940,2800,2660,2200,1690,1610,1575, 
1540,1460,1300,1255,1190,1120,1085,1060,1040,950,910,860, and 
690 cm-l; NMR (dimethyl sulfoxide-ds): 6 1.56 (d, 3H, COCHCHd, 2.00 
(broad m, 4H, /3-carbons on pyrrolidine), 1.95 (s,3H, CHs at C-4), 2.05 
(s,3H, CH3 at  C-5), 3.31 (m, 4H, a-carbons on pyrrolidine), 4.25 (4, lH,  
COCH), 11.35 (s, 2H, NH), and 11.55 (s, lH, NH) ppm. Table 111 presents 
the results of the elemental analyses. 


Table V-Antiarrhythmic * and CNS Toxic Effects in Mice 


EDmc, mg/kg (95% Fieller Limits) 
ComDound Protection Ataxia 


VIIIa 
VIIIb 
VIIIC 


67 (47-118) <25 
- d 21 (10-39) 


127 (74-217)' 126 (84-283) 
VIIId 28 (14-62) 10 (5-19) 
VIIIe 71 (42-120) 39 (17-60) 


-f 25 (7-41) VIIIf 
VIIIg xv 
XVI 


XVII 
XXa 111 (59-208)' 129 (83-509) 
XXb 40 (21-59) 35 (21-52) 


XXe 


Quinidine 
Lidocaine 48 (44-53) 


86 (24-302) 155 (84-284) 
-g -g 


27 (18-35) 
-h  


26 (18-37) 
-h 


x x c  256 (176-319) 251 (168-307) 
XXd 252 (168-307) 252 (168-307) 


159 (73,351)' 79 (13-139) 
XXII - 
xxva 330 (170-641) 159 (87;327) 


I - I  


72 (61-83) 45 (40-50) 


Protection against chloroform-induced tachycardia. Observed prior to ex- 
posure to chloroform. Subcutaneous administration. At 36 mgkg, 20% were 
protected at  the next higher dose of 100 mgkg, 90% died before chloroform expo- 
sure. e Adproximate 95% Fieller limits. f At 50 mgkg, 40% were protected; at 100 
mgkg, 100% died before chloroform e x p u r e .  8 At 200 mg/kg, 22% were protected, 
22% were ataxic, and 10% were dead. At 35 mgkg, no protection or ataxia was 
observed. Higher doses were not soluble. I At 398 mgkg, no protection or ataxia 
was observed. * No ataxia occurred at  200 mg/kg. 
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2-(2-Aminopropionamido) - 3-cyano-4- methyl -5-isobutylpyrrole 
Hydrochloride (XV1)-The procedure for the synthesis of XVI is rep- 
resentative of that of XV and XVII and conforms to the method of Secrist 
and Loque (15). 


A mixture of 2-(2-bromopropionamido)-3-cyano-4-methyl-5-isobu- 
tylpyrrole (XIII) (9.37 g, 0.03 mole) and sodium azide (2.0 g, 0.0309 mole) 
in absolute methanol (100 ml) was refluxed with stirring for 1.5 hr. The 
solution was transferred to a Parr bottle, chloroform (3.0 ml) and 10% 
palladium-on-carbon (1.0 g) were added, and the mixture was hydroge- 
nated at 46 psi for 3.5 hr. (The progress of the hydrogenation was moni- 
tored by the disappearance of the azide band at  2040 cm-l in the IR 
spectrum.) The mixture was acidified and filtered, and the filtrate was 
reduced in uacuo to yield a tan solid. 


This solid was treated with 100 ml of 10% HCI and warmed gently, and 
the insoluble salt was collected and air dried. Treatment of the solid with 
boiling ethyl acetate (100 ml) gave a white powder (5.1 g, 59.7%) (homo- 
geneous on TLC; in acetone, Rf 0.57; in methanol, Rf 0.541, mp 250” dec.; 
IR (KBr): 3380,3270,2960,2220,1685,1620,1590,1505,1475,1245,1215, 
and 685 cm-’; NMR (dimethyl sulfoxide-ds): 6 0.82 (d, 6H, J = 6.0 Hz, 
gem-dimethyls of isobut I),  1.3-2.0 (m, lH, methine of isobutyl), 1.50 
[d, 3H,J = 7.2 Hz, CH(&H3)CH3], 1.95 (s, 3H, methyl a t  C-4), 2.31 [d, 


9.01 (broad s,4H, fiH3 and CONH), and 11.32 (broads, lH, NIH) ppm. 
Table 111 shows the results of the elemental analyses. 


Pharmacology-Local Anesthetic Actiuity-The guinea pig wheal 
method of Bulbring and Wajda (16) was used to determine the activity. 
The back of the guinea pig was shaved 1 day prior to the test, and 0.25 
ml of the drug solution was administered intradermally at two sites along 
the midline. The resulting wheals were tested by pricking the area six 
times with a pin at 5-min intervals for 30 min. Local anesthesia was 
present if the pinprick did not elicit a skin twitch. The number of pin- 
pricks that failed to elicit a response then was recorded at  each interval 
and compared to that of lidocaine at the same percentage concentration 
(Table IV). 


Antiarrhythmic Actiuity and CNS Toxicity-Antiarrhythmic activity 
was assessed by a modification of the method by Lawson (17). Groups 
of 10 female mice (Charles River, CD l), 18-24 g, were injected subcu- 
taneously with the drug solution delivered in a volume of 0.1 mlllO g of 
body weight. After 20 min, the mice were placed one at  a time in an at- 
mosphere of chloroform. Each mouse was remdved when respiratory 
arrest occurred (-35-45 sec later) and was pinned to a cork board with 
dissecting needles, which also served as electrodes. 


Previous experience with this procedure indicated that fibrillation was 
not the most prevalent arrhythmia and that a one-lead ECG was inade- 
quate to resolve the rapid ECG events that occur after respiratory arrest 
in chloroform (18). Consequently, after a thoracotomy was performed, 
three ECGs were recorded from each mouse until 90 sec from the time 
it had been placed in the chloroform. Leads I and I1 were obtained uia 
the needle electrodes, and an epicardial ECG was obtained from a wick 
electrode placed on the exposed surface of the right ventricle. All ECGs 
were displayed on a multichannel seven-pen recorder as well as on a 
storage oscilloscope. 


Ventricular rates (beats per minute) were measured directly from the 
clearest ECG by counting ventricular depolarizations for several seconds 
and extrapolating them to beats per minute (bpm). A mouse was assumed 
to have a tachycardia if the 30-40-sec ECG recording contained at  least 
5 sec in which the ventricular rate exceeded 520 bpm or 2 sec in which the 
rate exceeded 600 bpm. Conversely, a mouse was protected from the ar- 
rhythmogenic effects of chloroform if these criteria were not fulfilled. 


2H, J = 6.0 Hz, CH&H(CHs)$, 4.06 [q, lH, J = 7.2 Hz, CH(&H&H3], 


Antiarrhythmic efficacy was based on the percentage of mice protected 
at  each dose. Doses were varied by at  least 0.15 log unit in an up-down 
fashion; the intent was to achieve a dose-response curve in which the 
doses evoked a low, medium, and high incidence of protection. Doses were 
increased until either the limits of water solubility were reached or lethal 
effects precluded higher doses. Thereafter, the EDSO value for protection 
was calculated according to the logit x2 method of Berkson (19). 


Acute CNS toxicity was assessed during the 20-min period prior to 
chloroform exposure. Any mouse that displayed a staggered gait, splayed 
limbs, or hypertonia was assumed to have acute CNS toxicity in the form 
of ataxia. In general, doses were increased until a t  least eight animals 
displayed these symptoms. The ED= value for ataxia was also calculated 
according to the method of Berkson (19). 
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Propildazine degradation in water was monitored by following the 
change in absorbance ( A )  at 254 nm as a function of time. Two isosbestic 
points at 233 and 279 nm were observed (Fig. 1). The logarithms of the 
normalized difference in the absorbance (At -A,/Ao-A,, A ,  being 
calculated after about 10 half-lives) were plotted against time (Fig. 2). 
The resulting profiles are clearly concentration (curves 5,6, and 81, pH 
(curves 2 4 ,  and temperature (curves 7 and 8) dependent. Moreover, 
the behavior at pH 7.4, using water bubbled with nitrogen and maintained 
under nitrogen, showed that oxygen also plays a significant role in the 
hydrolytic degradation of I (curves 1 and 3). 


Propildazine is stable in acidic methanolic solution (0.1 N methanolic 
HCl, A,, 254 nm unvaried after 2 days), while it is rapidly degraded in 
methanolic trimethylamine. Moreover, in methanol concentrations of 


M, I showed a UV spectrum that rapidly changed ita maximum from 
259 to 280 nm. This variation was due to trace amounta of acetone present 
in the spectroscopic grade methanol which reacted with I. In fact, I is a 
very strong carbonyl group scavenger, giving rise to the corresponding 
hydrazone 3-isopropylidenehydrazine-6-[( 2-hydroxypropy1)methyl- 
aminolpyridazine (V) (see Experimental). 


It is worthwhile to remember the importance of in uiuo hydrazone 
formation (14, 15) to explain the prolonged antihypertensive effect of 
hydralazine-like compounds. 
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Abstract A high-pressure liquid chromatographic assay was developed 
for the analysis of the P-adrenergic blocking agent nadolol as a bulk 
material or formulated in a tablet. Other @-adrenergic blocking drugs such 
as acebutolol, alprenolol, atenolol, metoprolol, oxprenolol, pindolol, 
practolol, propranolol, sotalol, and timolol can be chromatographed in 
this system. An ethylsilane column and a mobile phase consisting of 35% 
methanol-65% aqueous 0.0005 M hydrochloric acid-0.05 M sodium 
chloride are used. Detection is either a t  254 nm with a fixed UV wave- 
length detector or a t  the peak maximum of 220 nm with a variable- 
wavelength detector. As exemplified by nadolol, the drug content can be 
quantitated with or without atenolol as an internal standard. 


Keyphrases 0 Nadolol-high-pressure liquid chromatographic analysis 
0 8-Adrenergic blockers-high-pressure liquid Chromatographic analysis 
0 High-pressure liquid chromatography-analysis, nadolol and 10 other 
8-adrenergic agents 


,L3- Adrenergic blocking drugs are presently being used 
for the treatment of diseases characterized by excess 
sympathetic nervous activity (1). These illnesses range 
from cardiac arrhythmia, sinus tachycardia, angina pec- 
toris, hypertension, and migraine to anxiety, essential 
tremor, alcoholism, and drug dependence. 


A high-pressure liquid chromatographic (HPLC) assay 
was developed for nadolol, cis-5-[3-((1,1-dimethyleth- 
yl)amino)-2-hydroxypropoxyl] - 1,2,3,4 - tetrahydro-2,3- 
naphthalenediol, a potent P-adrenergic blocking drug, both 


as bulk material and in tablets. The chromatographic 
system also elutes other P-adrenergic blocking agents such 
as acebutolol, alprenolol, atenolol, metoprolol, oxprenolol, 
pindolol, practolol, propranolol, sotalol, and timolol a t  
convenient retention times. An analytical profile on na- 
dolol was published previously (2). Nadolol was deter- 
mined in tablets using colorimetry (3) and in serum using 
GLC-mass spectrometry (4) or fluorometry (5). 


The reported chromatographic procedures are mainly 
for 6-adrenergic blocking agents in body fluids: propran- 
0101 in plasma (6-11), atenolol in plasma (12,13), alprenolol 
in serum (141, oxprenolol in blood or plasma (15,16) and 
in liver tissue (17), acebutolol in serum (18), and practolol 
in plasma and urine (19). Presumably, these methods could 
be modified for bulk and formulated material. 


EXPERIMENTAL 


Materials-Acebutolol', alprenolo12, atenoloP, metoprolo14, nadolo15, 
oxprenolo14, pindolo16, practolo17, propranolo15, sotalols, and timololg were 
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Stuart Pharmaceuticals. 8 dead Johnson. ' Ciba-Geigy. 
E. R. Squibb and Sons. 
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OH OH Internal 
Standard 
Atenolol - 


Point of 
Injection 


Figure 1-High-pressure liq- 
uid chromatogram of nadolol 
with atenolol as an internal 
standard. The void volume was 
at -3 min, atenolol eluted in 
-4.5 min, and nadolol eluted 
in -6 min. Detection was at 
254 nm. 


used as received. Distilled water was double distilled and stored in glass. 
HPLC grade methanol, ACS reagent grade sodium chloride, and con- 
centrated hydrochloric acid were obtained commerciallylO. 


Apparatus-A pump" capable of maintaining a constant flow at  
200-2000 psig delivered degassed mobile phase at  a flow rate of 1.2 ml/ 
min. A precision loop injector12, with a nominal capacity of 20 pl, was 
attached to a reversed-phase, ethylsilane (RP-2), lO-pm, 250-mm long 
X 4.6-mm i.d. prepacked column13 through an inlet filter14. The column 
outlet was connected to a fixed-wavelength detector15 with the peak 
maximum at 254 nm or to a variable-wavelength monitor16 set at 220 nm. 
The strip-chart recorders'", 25 cm, had input capability for receiving the 
detector output. The system was washed with methanol-water (1:l) a t  
the end of the day. 


Mobile Phase-The mobile phase was 35% methanol-65% aqueous 
0.0005 M hydrochloric acid-0.05 M sodium chloride. One milliliter of 0.1 
M HC1 was added to -1200 ml of double-distilled water in a 2-liter 
glass-stoppered graduated cylinder, and then 5.84 g of sodium chloride 
was added. The solution was mixed to dissolve the salt, and then 700 ml 
of methanol was added and mixed. The volume was adjusted with addi- 
tional double-distilled water, and the solution was mixed and then filtered 
through a medium-porosity sintered-glass funnel. The apparent pH was 
-4.5. 


Standard or  Bulk Drug Solution-A solution containing 0.2 mg of 
nadolol standard or bulk drug/ml of mobile phase was used. 


Tablet Analysis-A ground tablet, equivalent to -50 mg of drug, was 
weighed accurately into a 250-ml volumetric flask. Nadolol was extracted 
into 200 ml of the mobile phase by ultrasonicating the flask for 15 min. 
The volume of the solution was adjusted to the 250-ml mark with addi- 
tional mobile phase. The solution was filtered through a 0.45-pm solvent 
inert filter or was centrifuged. 


Tablet Analysis Using Internal Standard-Each 20.0 ml of tablet 
extract and standard solution, containing 0.5 mg of nadolol/ml, was 
fortified with 5.0 ml of atenolol solution (1.2 mg/ml in mobile phase) as 
an internal standard. 


System Suitability Test-A solution containing nadolol and atenolol 
(0.4 and 0.24 mg/ml, respectively, in the mobile phase) was injected. The 
resolution, R,, should be above 1.7 for the two peaks and is calculated 


lo Fisher Scientific. 
l1 Altex model llOA or Waters M6000. 
l2 Rheodyne model 7010. 
l3 LiChrosorb, E. Merck. 
l4 Rheodyne model 7362. 
l5 Altex model 153 or Chromatronix model 220. 
l6  Schoeffel model 770 or Varian Varichrome. 
l7 Linear Inc. 


HQo4 ;$&!- 
7 


HO acetone NaOH 


I1 
RRf' 2.94 


H 
I tert-butylamine. 


OCH&-CH methanol 
I \ /  b 


I11 
R,f = 7.9 


0 CHZCHCHJGiC (CH,), 
I I  


HC1, NaOH 


acetone 


H 
I 


HO Hoa 6H 
nadolol 
RRf = 1.00 


Scheme I-Relative retention times ( R R ~  or a of the intermediates in 
the synthesis of nadolol. 


using the formula R, = 2 ( t z  - t l ) / ( w l +  w ~ ) ,  where t l  and t2 are the re- 
tention times and w1 and w2 are the respective peak widths expressed 
in the same units. 


RESULTS AND DISCUSSION 


Nadolol tablets with potencies of 40-320 mg were analyzed with and 
without an internal standard. Figure 1 shows a sample chromatogram 
of nadolol when atenolol was used as an internal standard. The mean peak 
heights of atenolol and nadolol, using the recommended procedure, were 
12.98 and 13.25 cm with relative standard deviations of 0.5 and 0.4%, 
respectively, for seven repetitive injections. When the ratios of peak 
heights of nadolol to atenolol were calculated, the series gave a relative 
standard deviation of 0.4%, which was insignificant. 


The use of an internal standard is not necessary if the chromatograph 
is equipped with a precision loop injector. However, the nadolol-atenolol 
solution is recommended for the system suitability test. Nadolol tablets 
were analyzed using HPLC as well as TLC on silica gel plates developed 
with acetone-chloroform-2 M ammonium hydroxide (8l:l). The results 
obtained by the two techniques were similar with an average difference 
of 1% and served to validate the two methods. When the tablets were 
analyzed with or without atenolol as an internal standard, the results did 
not vary by more than 1%. Recoveries of nadolol added to placebo for- 
mulations were 100.4 and 100.6%. UV detector responses for nadolol at 
220 and 254 nm were linear for concentrations of 0.025-0.2 pg/ml and 
passed through the origin. Detection at  220 nm was -25 times more 
sensitive than at 254 nm, but no impurities were detected in the standard 
at  either wavelength. 


Scheme I gives the structures of the synthetic intermediates and their 
relative retention timew ( R R ~  or a of nadolol = 1.01, demonstrating the 
selectivity of the chromatographic system. Several possible impurities 
were synthesized. When added to a solution of nadolol and injected into 
the chromatographic system, all were completely resolved, showing that 
the method is stability indicating. 


The retention times relative to nadolol for 10 other P-adrenergic 
blocking drugs are presented in Table I. If desired, minor modifications 
can be made in the mobile phase and flow rate to optimize the retention 
time and peak shape. For example, to quantitate propranolol (as the 
hydrochloride), 15% more methanol was added to the mobile phase to 
halve the retention time to -8 min. Five repetitive injections gave an 
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Table I-Retention Times of 0-Adrenergic Blocking Agents 
Compared to Nadolol 


Compound Structure RRf 


Acebutolol 


Alprenolol 


Atenolol 


Metoprolol 


Nadolol 


Oxprenolol 


Pindolol 


Practolol 


Propranolol 


Sotalol 


Timolol 


0 1 O---CH, CH, H3:9 4 W H P ; 1  I 


OH CH, n 
H3CCH,CH,C-HN 


(3% +T€IPHF l 
OH CH, 


H,NC-CH, 
0-CH, CHI 


I 


on CH, 


0-CH, CH, 
I 


H3COCHzCHz 


H o d  “H$lHy€13 
HO 


OH CH, 


OH kH, 


1.50 


4.68 


0.65 


1.75 


1.00 


2.7 


1.29 


0.80 


2.7 


1.38 


1.45 


0 Retention time of agent divided by nadolol retention time. 


average peak height of 9.47 cm (RSD = 0.5%). The response to various 
concentrations from 0.025 to 0.2 pglml was linear and passed through 
the origin. The relative standard deviation of the normalized response 
was 0.5%. The experimentally observed relative retention times (Table 
I) can be used to calculate Hansch ?r values. A straight line was found, 
as was predicted previously (20), for atenolol, practolol, metoprolol, ox- 
prenolol, and alprenolol. 


Although use of an ethylsilane (RP-2) column is recommended, a 
reasonable peak shape for nadolol may be obtained with an octylsilane 
(RP-8) column. A broader peak with longer retention was obtained with 
an octadecylsilane (RP-18) column. Although RP-18 columns give higher 
theoretical plate counts with nadolol, the peaks are sharper and more 
symmetrical with RP-2 columns. 


In conclusion, nadolol and 10 other P-adrenergic blocking agents are 
analyzable by one HPLC system. One agent may be used as an internal 
standard for another. 
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Abstract 0 A high-pressure liquid chromatographic method is presented 
for the determination of ibuprofen in human plasma. Ibuprofen is ex- 
tracted from plasma acidified with 1.0 M phosphoric acid using hexane 
containing p-phenylphenol as an internal standard. A reversed-phase 
octadecylsilane column was used with a liquid phase of 65% methanol 
and 35% 0.10 M acetate buffer (pH 5.0). A spectrofluorometric detector 
with an excitation wavelength of 253 nm and a band pass filter (230-420 
nm) provided a detectable peak for 1 pg of ibuprofedml of plasma. The 
effect of the pH and molarity of the mobile phase on the capacity factor 
was studied. 


Keyphrases 0 Ibuprofen-high-pressure liquid chromatographic de- 
termination in human plasma 0 High-pressure liquid chromatogra- 
phy-determination of ibuprofen in human plasma Anti-inflammatory 
drugs-clinical determination of plasma levels in humans 


Ibuprofen, an arylalkonic acid, is an oral, nonsteroidal 
anti-inflammatory drug used in the treatment of arthritis 
and for the relief of mild to moderate pain (1). The wide 
range of plasma levels encountered during therapy with 
ibuprofen indicates the need for clinical determination of 
plasma levels, which may allow maximum therapeutic 
effect while minimizing adverse affects. The incidence of 
GI bleeding with ibuprofen is reportedly lower than with 
aspirin; however, severe bleeding occurs, especially with 
patients taking anticoagulants or with hematological dis- 
orders (2). Monitoring is critical for patients requiring 
concomitant administration of other antiarthritic drugs 
with ibuprofen (3). 


Several GLC procedures for the quantitative determi- 
nation of ibuprofen were reported, but the majority require 
either derivatization or an electron-capture detector (4-7). 
A high-pressure liquid chromatographic (HPLC) method 
using UV detection quantitated ibuprofen in dog plasma 
(8). Recently, an HPLC method using dual UV detectors 
was reported for screening solid dosage forms for drugs 
used in the treatment of arthritis (9). Due to the greater 
specificity and sensitivity of fluorescence detection, a 
method for the determination of ibuprofen in human 
plasma that combines HPLC with fluorometry is de- 
scribed. Conditions are discussed for the extraction, sep- 
aration, and detection of ibuprofen. 


EXPERIMENTAL 


Instrumentation-The high-pressure liquid chromatograph1 was 
equipped with a fluorometric detector2 and an octadecylsilane column3, 
250 mm long X 4 mm i.d. The degassed mobile phase was pumped 
through the column at 1.5 mllmin (3700-3800 psi) a t  ambient tempera- 
ture until a stable baseline was obtained. The fluorometer was set a t  an 
excitation wavelength of 253 nm, and a band pass filter with an entrance 
transmission of 230-420 nm was used. 


Chemicals and ReagentgSodium acetate, sodium phosphate, acetic 


~ 


1 Model 202 chromatograph, M600 pump, and U6K Universal injector, Waters 


* FS970, Schoeffel, Westwood, N.J. 
3 Dupont, Wilmington. Del. 


Associates, Milford, Mass. 


Table I-Effect of Buffer Molarity at pH 5 on the  Capacity 
Factor of Ibuprofen and Internal Standard 


Buffer 
Molaritv 


Capacity Factor 
Ibuwofen Internal Standard 


0.01 2.45 1.95 
0.02 2.05 1.60 
0.03 2.00 1.65 
0.04 2.20 1.70 
0.06 
0.08 
0.10 
0.12 
0.15 


2.30 
2.25 
2.45 
3.00 
2.93 


1.70 
1.55 
1.70 
2.12 
2.06 


acid, phosphoric acid, hexane, ethyl acetate, ether, methylene chloride, 
and chloroform were reagent grade. HPLC-grade methanol4 was used. 
Ibuprofen was obtained courtesy of the manufacturer5, and p-phenyl- 
phenol was obtained commercially6. 


Mobile Phase-The mobile phase was prepared by adding an ap- 
propriate amount of methanol to the aqueous phase and degassing under 
vacuum. The aqueous phases consisted of pH 4 and 5 acetate buffers 
(0.01,0.02,0.03,0.04,0.06,0.08,0.10,0.12, and 0.15 M) and aceticacid 
solutions (0.01,0.02, and 0.03 M). The effect of various pH levels and 
concentrations of the aqueous portion of the mobile phase on retention 
times was studied. 


Stock Solutions-A solution containing 10 mg of ibuprofen in 25 ml 
of methanol was prepared fresh monthly. A solution of p-phenylphenol 
was prepared by dissolving 3 mg of p-phenylphenol in 100 ml of methanol; 
it was prepared fresh monthly. A dilution of p-phenylphenol was pre- 
pared from 1 ml of the original p-phenylphenol solution, which was 
brought to a volume of 100 ml with methanol. The working internal 


b 


Figure 1-Typical chromatogram 
of a plasma extract containing 
ibuprofen (15 pglml). Key: a, p- 
phenylphenol (internal stan- 
dard); and b, ibuprofen. 
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0 5 10 15 


MINUTES 


*Fisher Scientific Co., Fair Lawn, N.J. 
The Upjohn Co., Kalamazoo, Mich. 
Eastmsn Organic Chemicals, Rochester, N.Y. 
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Table 11-Effect of pH on Capacity Factor of Ibuprofen and 
Internal Standard 


Table IV-Assay Accuracy (Serum Concentration in 
Micrograms per Milliliter) 


Capacity Factor 
Molarity PH Ibuprofen Internal Standard 


0.01 5" 2.45 
4" 4.25 
3.376 4.70 


0.03 5" 2.00 
4" 5.15 
3.13b 4.15 


1.95 
1.65 
2.70 
1.65 
1.95 
1.40 


a Sodium acetate buffer. * Acetic acid. 


Table 111-Nonsteroidal Antiarthritics Tested for  Possible 
Interference 


Drug or Fluorescence at  
Metabolite Assay Conditions Retention Time, min 


Aspirin Yes Solvent front 
Fenoprofen Yes 5.9 
Indomethacin No - 


Des(chlorobenzoy1) Yes Solvent front 
metabolite 
0-Desmethyl metabolite No - 


Desmethyl metabolite Yes - 
Oxyphenbutazone No - 
Phenylbutazone No - 
Sulindac No - 


Sulfide metabolite No - 
Sulfone metabolite No - 


Tolmetin No - 
Met a b o 1 it e No - 


Naproxen Yes 4.0 


standard solution was prepared by transferring 1.7 ml of the p-phenyl- 
phenol dilution to a 250-ml volumetric flask and diluting to volume with 
hex an e . 


Extraction Conditions-The extraction of ibuprofen and the internal 
standard (p-phenylphenol) from plasma acidified at several pH levels 
was studied using five solvents: hexane, ethyl acetate, ether, methylene 
chloride, and chloroform. 


Analytical Procedure-To 1.0 ml of heparinized plasma (in 15-ml 
screw-capped centrifuge tubes) were added 300 pl of 1.0 M phosphoric 
acid, 5 ml of hexane containing 2.0 ng of p-phenylghenollml as the in- 
ternal standard, and an aliquot of the ibuprofen solution containing 1-40 
pg (2.5-100 pl of methanolic solution). The tubes were vortexed for 10 
sec and centrifuged for 5 min at 9OOXg. A 4-ml volume of the organic 
phase was transferred to special concentration tubes7 and evaporated 
to dryness a t  ambient temperature under a gentle nitrogen stream. The 
residue was dissolved in 150 pl of methanol, and 100 pl was injecteds. 


A standard curve was constructed by injecting the plasma extracts 


I 


C 


II.. 
D 


:i 
Concentratubes, Laboratory Research Co., Los Angeles, Calif. 
Hamilton Co., Reno, Nev. 


Theoretical Experimen tala Difference, '% 


1.0 
3.0 
5.0 


10.0 
15.0 
20.0 
25.0 
30.0 


1.11 
3.15 
5.07 
9.98 


14.37 
20.06 
24.72 
30.38 


11.0 
5.0 
1.4 
0.2 
4.2 
0.3 
1.1 
1.3 


35.0 35.41 1.2 
40.0 40.01 0.0 


a Mean of five determinations. 


simulating concentrations of ibuprofen from 1 to 40 pg/ml (corresponding 
to 0.4-16 pg of ibuprofen on the column). The chromatograms were re- 
corded at  a chart speed of 5 mm/mins. The peak heights were measured, 
and the ratios (ibuprofen to p-phenylphenol) were calculated and plotted 
versus ibuprofen concentrations expressed as micrograms per milli- 
liter. 


Interferences-The possible interferences from normal plasma 
constituents and other drugs that might be administered simultaneously 
were studied. 


Recovery-For the recovery study, 10- and 25-pg/ml plasma stan- 
dards were prepared as described under Analytical Procedure. After 
evaporation, the residue was dissolved in 150 pl of methanol containing 
7.5 pg of ibuprofen. A volume of 100 p1 was injected onto the column. 


Sample Preparation and Assay-Heparinized plasma samples from 
patients receiving oral ibuprofen were processed in duplicate as described 
under Analytical Procedure. The amount of ibuprofen was calculated 
by comparison with standards prepared daily. 


RESULTS AND DISCUSSION 


Increasing buffer molar concentrations first decreased and then in- 
creased the capacity fador of ibuprofen and the internal standard (Table 
I). The capacity factor was also affected by pH changes (Table 11). 


A mobile phase of 65% methanol and 35% acetate buffer (pH 5 and 0.10 
M) gave well-resolved, sharp peaks for ibuprofen and p-phenylphenol 
with retention times of 10.9 and 7.5 min, respectively (Fig. 1). Aspirin, 
fenoprofen, naproxen, and other commonly used nonsteroidal antiar- 
thritic agents (Table 111) did not interfere with the analysis. The choice 
of the fluorometric parameters allowed a concentration of ibuprofen as 
low as 1 pglml of plasma to be quantitated. 


L 


L 


Fi,-re 2-Chromatograms of ,.isma extra..s containing ibupro, -n 
(5 pg/ml) (a). Key: A, rnethylene chloride; B, chloroform; C, ether; D, 
ethyl acetate; and E, hexane. 


A I) C D 


dL 


L 


1 
Figure 3-Chromatograms of plasma extracts containing ibuprofen 
(5 pg/ml) (a) using hexane for extraction. Key: A, 0.1 M phosphate 
buffer (pH 4); B, 0.1 M phosphate buffer (pH3); C, 0.1 M acetate buffer 
(pH 4); D, 2.0 M phosphoric acid; and E, 1.0 M phosphoric acid. 
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Hexane was selected for extraction of ibuprofen from plasma acidified 
with 1 M phosphoric acid. This selection was based on the highest amount 
of ibuprofen and/or the lowest amount of interfering fluorescent material 
being extracted. Ethyl acetate, ether, methylene chloride, and chloroform 
extracted excessive fluorescent substances from plasma (Fig. 2). 


When phosphate buffers of pH 3 and 4 were used to acidify plasma, 
no ibuprofen was extracted. A pH 4 acetate buffer allowed extraction of 
only minimal amounts of ibuprofen. Phosphoric acid (1.0, 2.0, 3.0,4.0, 
and 5.0 M) produced maximal extraction of ibuprofen; however, with 1.0 
M phosphoric acid, minimal interfering constituents were extracted (Fig. 
3). The optimum recovery of ibuprofen (74.91 f 0.56%) from spiked 
plasma samples was obtained using 1.0 M phosphoric acid to acidify the 
plasma prior to extraction with hexane. 


The ratio of the peak height of ibuprofen to the peak height of the in- 
ternal standard was calculated. Statistical analysis indicated excellent 
linearity in the range of 1-40 pg of ibuprofedml of plasma with a corre- 
lation coefficient of 0.993, a slope of 0.0625 f 0.0016, and an intercept 
of -0.11743 f 0.0326 (Table IV). 


Plasma levels of volunteers receiving one 600-mg oral dose of ibuprofen 
were aa high as 40 pglml and as low as 15 pg/ml at 2 and 6 hr, respectively, 


after dosing. 
The method reported here for the determination of ibuprofen will be 


a valuable tool for studying pharmacokinetic parameters and for moni- 
toring patients, especially when they receive other nonsteroidal anti- 
inflammatory drugs. 
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Abstract 0 Chronic in situ loops of dog small intestine (jejunum or 
ileum) were used to investigate the absorption of the 8-adrenoreceptor 
blocking agents atenolol and propranolol. Absorption measurements were 
made in conscious dogs by monitoring drug disappearance from solution 
in the loop, with correction for intestinal water absorption. The jejunum 
had a mean resting pH of 7.3 and a slight net secretion of water into the 
lumen; the ileum had a resting pH of 7.9 and a strong net absorption of 
water. Propranolol absorption was rapid and first order in both regions, 
with the ileum showing faster absorption than the jejunum due to its 
higher resting pH. In contrast, atenolol absorption was negligible in the 
jejunum and only moderate in the ileum. The data were quantitatively 
consistent with the pH-partition mechanism for the absorption of pro- 
pranolol but not for atenolol. The model was validated for atenolol by 
showing that, following drug administration into jejunal and ileal loops, 
drug disappearance rates were similar to absorption rates calculated from 
systemic blood levels. This technique is useful, realistic, and relatively 
simple for studying intestinal drug absorption without seriously per- 
turbing normal GI conditions. 


Keyphrases 0 Atenolol-absorption studied in chronic in situ ileal and 
jejunal loops in dogs 0 Propranolol-absorption studied in chronic in 
situ ileal and jejunal loops in dogs Absorption-atenolol and pro- 
pranolol, studied in chronic in situ ileal and jejunal loops in dogs 0 
8-Adrenoreceptor blocking agents-atenolol and propranolol, absorption 
studied in chronic in situ ileal and jejunal loops in dogs 


The widespread use of in situ intestinal loop prepara- 
tions for studying drug absorption is partly a result of the 
difficulty of extracting absorption rate data from blood 
level measurements. In addition, these techniques allow 
drug absorption to be measured directly at the absorption 
site, by monitoring the disappearance of a drug introduced 
into the intestinal lumen, and require much less experi- 
mental effort than blood level studies. Models using rats 
(1 ,2)  and dogs (3) have been reported. 


However, physiological factors that affect in uiuo ab- 
sorption rates (e.g., intestinal pH, water and ion flux, and 
intestinal blood flow) may themselves be affected by the 
surgical manipulation and anesthesia involved in preparing 
the animal for absorption measurements in the acute sit- 
uation (4-9). In some cases, these effects may render an 
animal model unsuitable for particular drugs. For instance, 
it was found (10) that the Doluisio rat in situ preparation 
(2) was a valid model for the in uiuo absorption of one 
0-adrenoreceptor blocking agent (propranolol) but not for 
another (practolol). This result was attributed to the ef- 
fects of anesthetic and surgical shock on the animal. 


A technique designed to overcome some of these prob- 
lems is described in this paper. It consists of an isolated 
intestinal loop in situ in the conscious dog and is a devel- 
opment of the classical Thiry Vella loop technique (11). 
The use of this model is illustrated by investigation of the 
absorption characteristics of two 0-adrenoreceptor 
blocking agents, atenolol and propranolol. This compari- 
son is relevant because of the different extent of absorption 
of the two drugs in humans and because of the previous 
observation that the Doluisio in situ rat technique is not 
a good model for this type of compound. Attempts also 
were made to demonstrate the validity of the technique. 
Preliminary observations with this model were reported 
previously (12), and this paper represents an expansion 
and continuation of this work. 


EXPERIMENTAL 


Preparation of Intestinal Loops-Adult male beagle dogs, 13-17 
kg, were trained to sit unrestrained on a table for 1 hr or more. Thiry Vella 


516 I Journal of hrmaceuticaf Sciences 
Vol. 70, No. 5, May 1981 


0022-3549/ 8 11 0500-05 16$0 1.00/ 0 
@ 198 1, American Pharmaceutical Association 








Two-Compartment Pharmacokinetic Models: 
Computer Simulations of Their Characteristics and 
Clinical Consequences 
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Abstract 0 Computer simulations of two-compartment models of drug 
disposition were made. These simulations show how variations in each 
of the three intercompartmental rate constants are related to altered 
blood and tissue concentrations. Various simulations following rapid 
injection or continuous infusion are presented to demonstrate the general 
behavior of such a pharmacokinetic model. A system of drug classification 
based on comparative values of a drug's intercompartmental rate con- 
stants is proposed, and characteristics and consequences of each class 
are discussed in terms of possible therapeutic results. 


Keyphrases 0 Pharmacokinetic models-two-compartment models, 
computer simulations of their characteristics and clinical consequences 
0 Models, pharmacokinetic-two-compartment models, computer 
simulations of their characteristics and clinical consequences Drug 
disposition-two-compartment models, computer simulations of their 
characteristics and clinical consequences 


A t  least two compartments are required in phar- 
macokinetic modeling: one for the drug in vascular and 
highly perfused tissues and one for more peripheral tissues. 
The physiological basis for this viewpoint was stated 
clearly by Riegelman et al. (1). Most published descrip- 
tions of the two-compartment model (2-6) have a mathe- 
matical focus to solve the simultaneous differential 
equations for the intercompartmental rate constants. In 
some cases, this approach does not provide intuitive un- 
derstanding of the behavior of drugs that demonstrate 
two-compartment pharmacokinetics. 


A series of computer simulations in which each of the 
three intercompartmental rate constants is varied indi- 
vidually has been useful in understanding and predicting 
the behavior of two-compartment systems. Illustrations 
from these simulations are presented to demonstrate the 
use of the method; such information is not available in 
textbooks or in the periodical literature. 


In addition, these simulations point out situations where 
the conventional simplification of the two-compartment 
model to a one-compartment approximation may present 
substantial errors. These errors carry over into nomograms, 
which are used frequently in the calculation of adjusted 
doses in patients with impaired excretory capability. 


EXPERIMENTAL 


An analog computer' was used for the simulations. The flow charts for 
the simulations are shown in Fig. 1. Conversions to logarithmic coordi- 
nates were performed manually. 


The data are presented in arbitrary units. The time scaling can be 
converted from time units (TU) to any desired clock time by simple 
substitution. Some data are plotted in units of half-lives to emphasize 
the similar characteristics of drugs whose intercompartmental rate 
constants have similar proportionality. 


The intercompartmental rate. constants are given in Fig. 2. For sim- 
plicity, the drug in question is not metabolized. In this way, the disap- 


Model 580, Electronic Associates Inc., West Long Branch, N.J. 
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Figure 1-Analog computer flow chart for two-compartment simula- 
tions, where C1 and Cz are the central (serum) and peripheral (tissue) 
compartment concentrations, respectively; 10, 12, and 21 refer to the 
intercompartmental rate constants seen in Fig. 2; Q represents the 
infusion rate; and I.C. is the initial condition on the amplifier repre- 
senting C1. For infusion simulations, the -10-v supply was connected 
through Q and turned off a t  an appropriate time. For simulations of 
intravenous dosing, the -10-0 supply was attached to the initial con- 
ditions representing an instantaneous injection of drug. For one-com- 
partment simulations, the coefficients k12 and k21 were set a t  zero. 


pearance of the drug from the body can be accounted for quantitatively 
by cumulative urinary excretion. Except for the amount of drug excreted 
into the urine, the overall behavior of any simulation is independent of 
the processes by which the drug is removed, as long as first-order kinetics 
are appropriate. 


RESULTS AND DISCUSSION 


The parameters of a two-compartment system are characterized best 
following rapid intravenous administration of a drug. Figure 3 contrasts 
the time course of a two-compartment system with two different one- 
compartment simulations and demonstrates the differences in the 
models. 


The B value in a two-compartment model is not the same as the k lo  
value in a one-compartment model. If a change in klo occurs for a subject, 
the resultant change in B is not necessarily proportional. The behavior 
of a two-compartment system cannot be approximated by using the same 
klo in a one-compartment model. The steepest line in Fig. 3 makes that 
approximation, but its half-life is only about one-fourth of that of the 
two-compartment model. A one-compartment model having a kio equal 
to B from the multicompartment system has the proper half-life but has 
several other differences. 


The upward lines in Fig. 3 show the excretion into urine in a two- 
compartment system and in a one-compartment system with the same 
half-life, At approximately 16 TU, the distribution phase appears to be 
over. At  that time, 49% of the drug has been excreted in the two-com- 
partment system, while only 34% has appeared in urine in the analogous 
one-compartment simulation. The special behavior of the central com- 
partment during the distribution phase is demonstrated in this com- 
parison. 


The central compartment concentration of drug is initially equal in 
both systems. Excretion is assumed to occur from the central compart- 
ment; thus, when k lo  in a two-compartment system is 0.10 TU-I, there 
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Figure 2-Pharmacokinetic models used in simulations. 


is faster renal excretion than in the one-compartment simulation in Fig. 
3. That &lo value is set equal to the j3 value (0.026 TU-') in the two- 
compartment system. 


A high rate of drug elimination occurs during distribution, but this 
phase ends as sufficient drug is transferred from the central to the pe- 
ripheral compartment to create an equilibrium between the two com- 
partments. The greater the drug concentration in the peripheral com- 
partment, the lower is the urinary excretion. Thus, in a two-compartment 
system, urinary excretion is initially fast but slows throughout the dis- 
tribution phase. The highest concentrations of drug will reach the kidneys 
and the rest of the urinary tract during distribution following rapid in- 
travenous dosing. 


Another aspect of the two-compartment system is that, after distri- 
bution, drug also is contained in a tissue compartment, which may not 
be at the same concentration a~ the central compartment. In this example 
of a two-compartment model, the tissue concentration is 2.6 times the 
serum concentration. This factor is the major determinant of the smaller 
serum concentrations seen. 


The fact that j3 # &lo in a two-compartment system and the conse- 
quences with respect to drug disposition are not easily appreciated. Gi- 
baldi and Perrier (7) demonstrated this inequality by plotting B uersus 
&lo at  several values of k12 and k21. A very nonlinear relationship was 
obvious in their plot. Figure 4 shows four sets of data for serum concen- 
trations where only the elimination rate constant was varied. 


The relationship between j3 and &lo is in the form of the solution to a 
binomial equation also involving klz  and kzl(3). The first two columns 
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Figure 3-Relationships between a two-compartment model and two 
one-compartment approximations following rapid intravenous ad- 
ministration. 
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Figure 4-Effects of variations in klo on the behauior of a drug exhib- 
iting two-compartment kinetics following rapid intravenous adminis- 
tration; klz and kzl are constant. 


of Table I show how these two parameters behave in the two-compart- 
ment simulations shown in Fig. 4. For low values of &lo, j3 increases in a 
fairly linear fashion. As klo increases, it no longer is the rate-limiting step 
in drug elimination from the body. The relationship between kzl  and k l z  
now is more important. Thus, a tripling of k1o from 0.10 to 0.30 TU-l gives 
only a doubled j3. If &lo increased further, j3 would increase at  a dimin- 
ishing rate. However, a t  all values of &lo, kio is greater than j3. This phe- 
nomenon was observed by Jusk6 and Gibaldi (8), who analyzed kinetic 
data for penicillin G with and without probenecid. Although probenecid 
reduced klo to 46% of the control value, j3 was reduced only to 78%, a clear 
example of how changes in k ~ o  do not relate linearly to changes in 8. 


Although there is an obvious increase in the steepness of the &phase 
with increasing &lo, there also is a strong inverse relationship between 
k 10 and the serum concentration where the &phase begins. Again, this 
is a consequence of increased drug elimination during the a-phase. By 
the time that each simulation reached its 8-phase (-16 TU), the per- 
centages of drug excreted were 8,20,49, and 80 for klo values of 0.01,0.03, 
0.10, and 0.30, respectively. Thus, it  is not appropriate to interpret a 
plasma decay curve with a pronounced a-phase, such as that for k lo  = 
0.30 TU-', as indicative of a large amount of drug in tissues. A large ratio 
between the extrapolated initial concentrations of the a-line (Ao) and 
&line (Bo) may be due to extensive tissue uptake or to extensive drug 
elimination during the distribution phase. Drug elimination during the 
a-phase is responsible for errors in some techniques for assessing the 
volume of distribution, as will be discussed later. 


Figure 5 illustrates how k lz  affects the disposition of a drug. Here klo 
and kzl are held constant. The /&value of 0.20 TU-' is used again, and 
simulations with a larger and a smaller value also are included. Clearly, 
klz has a profound effect. 


When k l z  is high, the probability increases that a drug molecule in the 
central compartment will enter the peripheral compartment rather than 
be eliminated. If increasing quantities of drug are transferred to  a pe- 
ripheral compartment, they will be ynavailable for elimination. The 
overall result will be a prolonged elimination half-life. As shown in Fig. 
5,  when klz = 0.60 TU-', there is a rapid and extensive a-phase. In con- 
trast to the data shown in Fig. 4, this a-phase represents mostly tissue 
distribution. When k 1 ~  = 0.06 TU-l, the rate of transfer to the peripheral 
compartment is less important and the data appear to lie cloeer to a single 
straight line, i.e., more like a one-compartment model. 


Similar manipulations of kzl are seen in Fig. 6. When k21 is rapid, the 
simulated serum concentrations resemble the case in Fig. 5,  where k l z  
was slow. In both situations, the amount of drug in the peripheral com- 
partment is small and has little influence on the kinetics of the drug. In 
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Figure 5-Effects of variations in klz on the behavior of a drug exhib- 
iting two-compartment kinetics following rapid intravenous adminis- 
tration; klo and kzl are constant. When k12 equals 0.60,0.20, and 0.06 
TU-', f l  equals 0.013,0.026, and 0.047 TU-', respectively. 


this case, the drug that moved into the peripheral compartment with a 
rate of klzC1 is returned to the central compartment by the elevated rate 
of return, kzlCz. This keeps the peripheral compartment from being rate 
limiting. In the other simulation, where k21= 0.03 TU-', the peripheral 
compartment again is important. The overall rate of elimination, 8 = 
0.0094 TU-', is greatly reduced because the drug is only slowly returned 
to the central compartment for elimination. 


From an overall point of view, these three first-order reactions, elim- 
ination, central to peripheral transfer, and peripheral to central transfer, 
are seen to compete with one another in a probabilistic way. A drug 
molecule in the central compartment has two fates, elimination or 
transfer to the peripheral compartment. The rate constants for those two 
processes are the probabilities of their occurrence. If k lo  is three times 
greater than k12, the drug has a 75% chance of being eliminated and a 25% 
chance of being transferred to the peripheral compartment. Once in the 
peripheral compartment, the drug returns to the central compartment 
at a rate governed by kz l ,  where again it is subject to the probabilities of 
excretion or transfer as described previously. Thus, the effect of each 
intercompartmental rate constant is buffered by the values of the other 
parameters. When all of the constants are of comparable magnitude, there 
will be a less than linear effect on a drug's overall kinetics for any change 
in a specific rate constant. 


These computer simulations also permit evaluations of various ways 
of calculating the volume of distribution. In the computer, the actual 
volumes of each compartment are fixed and known. As a pharmacokinetic 
parameter, the volume of distribution is simply a mathematical con- 
struction to explain the relationship between the absorbed dose and the 
resulting blood concentration. The data in Fig. 4 can be used to examine 
some methods for calculating volumes of distribution. The calculation 
in the extrapolation method is: 


vd = dose/Bo (Eq. 1) 


while that in a two-compartment model (3) is: 


vd2  = vc[1 -k kiz/(kzi - 8)1 (Eq. 2) 


Table I-Comparison of Volume of Distribution Calculations as 
a Function of Elimination Rate Constant 


Baa Vd,ertbr arbitrary VdZb, arbitrary 
k l o  TU-' volume units volume units f f 


0.01 0.0033 3.0 
0.03 0.0094 
0.10 0.026 
0.30 0.055 


3.2 
4.5 


10.9 


3.1 0.33 
3.2 0.31 
3.7 0.27 
5.4 0.18 


PI, = 0.20 TU-' and k z l =  0.10 TU-I. * Assuming a dose of 100 units and an 
initial concentration of 100 unitdvolume. Therefore, the volume of the central 
compartment is one volume. 
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Figure 6-Effects of variations in kzl on the behavior of a drug exhib- 
iting two-compartment kinetics following rapid intravenous adminis- 
tration; klo and kzl are constant. When k21 equals 0.3, 0.1, and 0.03 
TU-', p equals 0.055,0.026, and 0.0094 TU-', respectively. 


Table I gives this comparison. The two-compartment equation takes into 
account the excess excretion during the a-phase and correctly calculates 
a volume of distribution in the sense of describing the blood concentration 
that results from the actual amount of drug in the body. The anatomical 
volume of distribution is given by vd = V,(1 + k l z / k z l ) .  Although this 
v d  value is not a correct one to relate to observed blood concentrations 
except following steady-state infusions, it does describe correctly the 
actual volume in which the drug is distributed. 


The k z l / ( k l z  + kzl) ratio defines the fraction of the drug in the central 
compartment (f,) if a steady relationship is achieved between these two 
compartments during infusion. Because k12 = 0.20 and kzl = 0.10, fc = 
0.10/0.30 = 0.33 in this case. Following an intravenous bolus, the dynamic 
conditions lead to (2): 


f f  ( h i  - B)/(kiz + kzi - 8) (Eq. 3) 


These data also are included in Table I. The slower the elimination phase 
is, the closer the dynamicff approaches the static value of 0.33. In other 
words, there is no constant relationship between the blood concentration 
of a drug and its concentration in peripheral tissue. This may be impor- 
tant in relating blood drug concentrations to the pharmacological actions 
of a drug that acts in the peripheral compartment. For a drug exhibiting 
the characteristics of the fourth example in Table I (i.e., a large k lo  rel- 
ative to k12 and k z l ) ,  the difference in the ratio of the tissue and blood 
concentrations between a rapid intravenous injection and a steady-state 


Table 11-Intercompartmental Rate Constants for 
Representative Drugs 


k 10 kiz  kz i  


Class A all constants nearly equal 
Lidocaine (9) 
Oxacillin (10) 
a-Methyldopa (11) 
5-Fluorouracil(l2) 0.18 min-' 0.20 min-' 0.20 min-' 


Diazepam (4) 0.225 hr-' 2.29 hr-I 0.85 hr-' 
Digoxin (13) 0.145 hr-1 0.85 hr-' 0.114 hr-' 
Morphine (14) 
Propranolol(l5) 1.5 hr-' 5.9 hr-' 1.3 hr-' 
Doxorubicin 0.48 hr-' 5.1 hr-' 0.29 hr-' 


Ampicillin (17) 1.71 hr-1 0.40 hr-I 0.73 hr-l 
Cytosine arabinoside (18) 0.33 min-' 
Cephapirin (19) 4.2 hr-' 1.09 hr-l 1.28 hr-I 


Cyclophosphamide (20) 0.29 hr-' 4.5 hr-' 2.9 hr-I 
Theophylline (21) 0.31 hr-1 2.7 hr-' 3.1 hr-' 
Warfarin (5) 0.033 hr-l 1.61 hr-l 1.52 hr-' 
d-Tubocurarine (22) 


0.022 min-' 0.041 min-' 0.029 min-' 
0.057 min-' 0.037 min-' 0.060 min-' 
0.014 min-' 0.012 min-' 0.017 min-' 


Class B: k l z  more than twice klo or kz1 


0.100 min-' 0.600 min-' 0.045 min-' 


(adriamycin) (16) 
Class C: k lo  more than twice k l z  or kz l  


0.093 min-' 0.075 min-' 


Class D: k 10 less than half k l ~  or kzl 


0.017 min-' 0.039 min-' 0.046 min-' 
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Figure 'I-Simulation of an intravenous infusion of a drug with a large 
kl2 compared to klo or kzl. Solid lines are from the two-compartment 
model. The dotted and dashed lines are two different one-compartment 
approximations. In the two-compartment data, the actual tissue con- 
centration would be six times greater than the serum concentration a t  
steady state. 


infusion is almost a factor of two. These observations are comparable to 
those published previously (8). 


The concepts of these simulations may be applied by examining the 
intercompartmental rate constants of some representative drugs. Sev- 
enteen drugs were assigned to four classes in Table 11. These data and 
the classification of each drug should be taken only as examples because 
data of this type vary greatly among individuals. The four classes rep- 
resent conceptually different cases where particular parts of a two- 
compartment system play roles of greater or lesser importance. 


Claas A drugs have similar values for all three intercompartmental rate 
constants. The two-compartment simulation seen in Fig. 3 has such a 
relationship between its three rate constants as, for example, does lido- 
caine. 


Certain drugs are known to accumulate extensively in tissues, as would 
be evidenced by a large klz  compared to klo or k2l. Class B includes these 
drugs. For example, propranolol has kinetics similar to the klz  = 0.60 
TU-' curve in Fig. 5. Class C drugs have rapid elimination rate constants 
compared to their intercompartmental rate constants. Ampicillin is such 
a drug. The lowest curve in Fig. 4 is the closest simulation to this behavior. 
Finally, Class D drugs, such as cyclophosphamide, have relatively low 
excretion rate constants. The top curve in Fig. 4 typifies a Class D drug. 
In this situation, as was seen in Table I, there will be a linear relationship 
between changes in klo and changes in 0. There are few drugs charac- 
terized by a low k21, as would result from slow release from tissues. This 
situation is more characteristic of drugs exhibiting a third compart- 
ment. 


E 


E 


A 
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MULTIPLES OF HALF-LIFE 
Figure 8-Simulation of an intravenous infusion of a drug with a large 
klo compared to klz or k21. The actual concentration of drug a t  steady 
state in the tissue compartment would be half of that in the serum 
compartment. 
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Figure 9-Effects of two different disease conditions, each of which 
produces an equal reduction of renal drug clearance, following a rapid 
intravenous dose. The dashed lines represent simple renal dysfunction, 
and only klo is reduced from the values shown in Fig. 3. The dotted lines 
simuiate circulatory dysfunction, which also reduced tissue perfu- 
sion. 


Although all pharmacokinetic models behave as if they were simple 
one-compartment systems when at  steady state, as would result from a 
constant intravenous infusion, these classes of drugs differ in their rate 
of approach to equilibrium after the infusion begins. For a Class B drug, 
Fig. 7 shows that, despite the large amount of drug accumulation in tissue, 
the transfer is rapid enough that there is little difference in the rate of 
approach to equilibrium between the central and peripheral compart- 
ments. If one compartment is assumed using a klo the same as ,8 for the 
two-compartment model, the approach to equilibrium is only somewhat 
more rapid. However, large errors would result from assuming a one- 
compartment model where the overall rate of elimination was klo, as in 
the top curve. 


In contrast to Class B drugs, Class C drugs demonstrate what may be 
therapeutically important differences between the rate of accumulation 
in the central and peripheral compartments. Figure 8 simulates a situa- 
tion where klo is large compared to k12 and k21. The serum reaches 90% 
of its steady state in two half-lives, while the peripheral tissue requires 
four half-lives to achieve an equivalent fraction of its ultimate steady- 
state value. Obviously, if a Class C drug had its site of action in a pe- 
ripheral compartment, a much longer infusion would be needed than 
would be apparent from its blood kinetics. 


The effects of disease states on drug disposition also have been simu- 
lated. Starting with the set of rate constants used in Fig. 3, two disease 
states were examined impaired renal function and congestive heart 
failure. Figure 9 shows the serum and peripheral tissue concentrations 
as well as cumulative urinary excretion. For renal disease, the elimination 
rate constant was reduced from 0.10 to 0.03 TU-'. A similar decrease in 
renal function was used in the congestive heart failure simulation along 
with an equally reduced rate of central to peripheral drug transfer: klz  
is now 0.06 TU-'. This simulation is admittedly speculative because there 
are no intercompartmental rate constants in the literature that compare 
drug disposition in congestive heart failure and control conditions fol- 
lowing rapid intravenous administration. The queation is to what extent 
the peripheral to central compartment transfer is affected by congestive 
heart failure. This simulation assumes that this passive diffusion process 
will be unaltered. 


Figure 9 shows that, although renal function is equally impaired, drug 
disposition in congestive heart failure differs markedly from renal disease 
not involving poor cardiac function. The reduced tissue perfusion in 
congestive heart failure leads to higher central compartment concen- 
trations and more rapid urinary excretion. This simulation is for a Class 
A drug such as lidocaine. Thomson et al. (23) studied lidocaine in patients 
with congestive heart failure and found elevated blood concentrations 
compared to controls. Their data also show a reduced rate of drug elim- 
ination in both a rapidly perfused tissue compartment (j3) and a deeper 
tissue compartment (7). The present simulation also shows slower 
elimination in congestive heart failure (0 = 0.017 TU-l) than in control 
conditions (0 = 0.026 TU-l) but faster elimination than is seen in the 
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Table 111-Ampicillin Body Elimination Rate Constants in Renal 
Impairment Using either a One- or Two-Compartment Model 


Percent of 
Renal Impaired and Normal Ratio of Rate Constants 


Clearance one-Compartment ModelD Two-Compartment Modelb 


100 
80 
60 
40 
20 
0 


LOO0 
0.825 
0.660 
0.475 
0.300 
0.125 


1.00 
0.925 
0.818 
0.662 
0.436 
0.125 


One-compartment calculations use k,  = k, + (CILJClcr)k, (modified from Ref. 
Two-compartment calculations use k; ,  = klo,,, + (Clir/Clcr)k1,+ fi  = [k io  25). 


+ k12 + kzi - d ( k ; o  + k12 + k z d 2  - 4k;&kzJ/2. 


renal dysfunction simulation (/3 = 0.0094 TU-’1. The latter difference 
results from the greater amount of the drug in the central compartment 
in congestive heart failure that is available for elimination. 


THERAPEUTIC IMPLICATIONS 


Except for certain highly protein-bound molecules that are confined 
to the vasculature, such as radiopaque dyes, any drug will distribute to 
some peripheral tissue compartment. Thus, a two-compartment model 
is the simplest description of drug behavior. Whether any particular drug 
in any particular patient can be described suitably by a one-compartment 
approach is determined only by the relationships among the three in- 
tercompartmental micro rate constants. The following discussion ex- 
amines some one-compartment pharmacokinetic calculations in com- 
parison to more accurate two-compartment situations. 


There are many treatments of drug dosing in renal failure (24-27). All 
use only one-compartment kinetics and base their adjustment of drug 
dosage on some measure of renal function such as decreased creatinine 
clearance. Because creatinine clearance measurements take place at 
steady state, they are truly proportional to klo. According to the literature 
methods, the reduction in renal function is converted linearly into a re- 
vised elimination rate constant for the drug. The only variables are the 
relative importance of renal function for that drug and the extent of renal 
impairment. This practice is acceptable when /3 and klo vary together 
in a linear fashion. As was illustrated earlier in general terms, this does 
not hold for all drugs. 


Dettli (25) presented data showing that, for ampicillin, k, (which is 
p, the body elimination rate constant in normal individuals) is eight times 
larger than k,, (which is p in patients with no renal function). From the 
micro rate constants in Table I1 for ampicillin, @is calculated to be 0.544 
hr-l. One would expect a patient with no functioning kidneys to have /3 
equal to one-eighth of the normal value, or 0.068 hr-l, To produce this 
p, klOnr must be reduced to 0.11 hr-l. The micro rate constant for renal 
excretion, klol = 1.60 h- l ,  is found by subtracting k1onr from the normal 
klo = 1.71 hr-l. 


Let k;o be the elimination micro rate constant in a subject with im- 
paired renal excretion. This k;o can be used with the normal k12 and kzl  
to calculate p. The equation that relates k;o to renal function is: 


k;o = klonr + (CLJClcr)k1or (Eq. 4) 


where Cl;, and Cl,, are the observed and normal creatinine clearances 
in the subject. A comparison of the body elimination rate constants for 
ampicillin using the one- or two-compartment method of calculation as 
a function of renal impairment is made in Table 111. At  both extremes 
of renal function, the methods agree. However, at intermediate degrees 
of renal impairment, the linear one-compartment calculation overesti- 
mates the reduction in body elimination compared to the more rigorous 
two-compartment model. The errors in the rate constants are translated 
directly into errors in dosing. With 20% renal function, the one-com- 
partment calculation will lead to only 69% of the dose allowable from the 
two-compartment model. 


As a Class C drug, ampicillin typifies the errors inherent in a one- 
compartment calculation for this group. Whenever k lo  is not the rate- 
limiting step, there will not be a linear relationship between klo and /3. 
At the opposite end of the spectrum, the Class D drugs have an overall 
pharmacokinetic behavior highly dependent on klo.  There is a trivial 
error associated with one-compartment approximations on Class D 
drugs. 


Dettli‘s data for digoxin permit a similar comparison for a Class B drug. 
Assuming a reduction to 50% of normal renal function, the two-com- 


partment calculation would recommend a dose reduction of 31.594 while 
the one-compartment calculation would predict 33.3%. Apparently, the 
relatively low value of klo compared to k12 permits k10 to be rate limiting, 
even with such extensive distribution to tissues. 


As expected, Class A drugs behave less well than Class D drugs but 
better than Class C drugs. Two Class A drugs appear in Dettli’s table, 
oxacillin and a-methyldopa. When testing the two methods at  50% of 
normal renal function, the two- and one-compartment calculations 
predict a dosage reduction of 36.2 and 41.2% for a-methyldopa and of 32.3 
and 37.5% for oxacillin, respectively. These errors are relatively small 
(14-16%), but they point out that Class A drugs do not transform them- 
selves perfectly into a one-compartment approximation. Careful phar- 
macokinetic experiments could suffer if a one-compartment approxi- 
mation were used on a Class A drug. 


In light of this classification scheme for drugs, further appreciation 
can be made of two reports that point out the shortcomings of one-com- 
partment models. MacKichan et 01. (28) showed how drug clearances of 
iothalamate and iodohippurate were estimated incorrectly using a one- 
compartment approximation. They showed graphs with a positive linear 
relationship between the percentage error in the clearance calculation 
and the endogenous creatinine clearance. They did not mention what the 
micro rate constants for these two substances were. The original report 
(29) showed that in patients with serum creatinine levels of <1.6 mg/100 
ml, klo, klz, and k z l  were 0.54,1.3, and 1.4 hr-l for iothalamate and 1.6, 
1.5, and 1.1 hr-’ for iodohippurate, respectively. In subjects with serum 
creatinine levels of >2.5 mg/100 ml, the micro rate constants for iothal- 
amate were 0.15,1.5, and 1.4 hr-1 and for iodohippurate were 0.6,1.8, and 
1.5 hr-l. The reduced errors reported by MacKichan et al. in subjects 
with low creatinine clearances are explained by noting that the normal 
sets of rate constants are all of a similar magnitude (Class A or nearly so) 
while those in subjects with poor renal function would qualify them for 
Class D, a class where the one-compartment calculations have negligible 
errors. 


Dvorchik and Vesell(30) analyzed a number of drugs to see how the 
one-compartment model erred in calculations of drug clearances. They 
noted that for three drugs, diazepam, meperidine, and propranolol, the 
errors were substantially reduced in patients with hepatic cirrhosis or 
hypertension compared to controls. Again, in any dysfunction that re- 
duces klo, the drug kinetics will approach a Class D situation more closely 
and be appropriately handled by a one-compartment model. Because 
their estimates of error were based on values of a and /3 rather than on 
the micro rate constants themselves, it was not clear why certain drugs 
behaved poorly in one-compartment calculations. The more detailed look 
used in the present approach shows why ampicillin is the drug most in 
error according to a one-compartment treatment. 


In perspective, most errors caused by a one-compartment approxi- 
mation will not be clinically significant. If other drugs with a narrower 
therapeutic range than ampicillin share its kinetic properties, then sit- 
uations with clinical impact may be more frequent. The purpose of this 
discussion is to clarify the drug characteristics governing this decision. 


The drug classification scheme in Table I1 points out the importance 
of detailed knowledge of every drug’s pharmacokinetics. Only with in- 
formation concerning the micro rate constants can one evaluate which 
pharmacokinetic approach will be valid. 


In summary, computer simulations done for their own sake, rather than 
in the course of fitting experimental data, have been valuable in ex- 
plaining the pharmacokinetic behavior of drugs described by a two- 
compartment model. Such understanding is useful both to the pharma- 
cokinetics student and to persons administering drugs who will have a 
firsthand appreciation of various kinetic situations without having to 
perform the experiments. 
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Abstract The ultrafiltration technique was evaluated theoretically 
and experimentally for use in clinical serum binding determinations. It 
is apparent from free energy considerations that the ultrafiltrate con- 
centration approaches the true free concentration only as the pressure 
gradient causing flow reduces to zero. The theory presented accounts for 
the previously unexplained lower ultrafiltrate concentration observed 
at higher filtration pressures. Mathematical simulations of the molecular 
separation show that the ultrafiltrate concentration remains constant 
during filtration, and, thus, binding equilibria are not disturbed by this 
procedure, suggesting that an arbitrary restriction on the volume filtered 
is unnecessary. This finding greatly extends the value of the ultrafiltration 
technique in clinical binding determinations, especially for strongly 
bound, potent drugs where assays may be insufficiently sensitive to detect 
the extremely small free fractions reliably. These theoretical findings were 
verified experimentally by ultrafiltration of salicylate, ibuprofen, and 
carprofen in buffer, purified proteins, and whole serum. 


Keyphrases Ultrafiltration-evaluation for use in clinical serum 
binding determinations 0 Binding-evaluation of ultrafiltration tech- 
nique for use in clinical serum binding determinations Salicylate- 
determination of serum binding by ultrafiltration 0 Ibuprofen-deter- 
mination of serum binding by ultrafiltration 


Interest in the influence of plasma binding on drug 
disposition is increasing. The extent of binding partially 
controls drug distribution between the blood and extra- 
vascular fluids (1,2) and may profoundly affect both he- 
patic and renal clearance (3, 4). Furthermore, there is 
ample evidence that the free fraction of drug may be sub- 
stantially altered postoperatively (5), in the elderly (6), and 
following stress and disease (7) and, for certain drugs, may 


differ considerably with the plasma concentration and 
between individuals (8,9). 


BACKGROUND 


Reliable routine methodology for estimating the fraction of free drug 
in plasma and whole blood is needed. Ultrafiltration appears to be more 
appropriate than dialysis techniques because it can be carried out rapidly 
without storage or addition of potentially competitive buffer components 
and electrolytes. The speed with which the free fraction can be estimated 
after sample collection is particularly important since the levels of fatty 
acids produced by lipolysis of triglycerides increase on storage (LO) and 
during dialysis (11). Nonesterified fatty acids are known to decrease the 
binding of drugs in vitro (12) and in uivo (13). 


Among the generally recognized limitations of the ultrafiltration 
technique are the polarization of protein on the membrane, the uptake 
of small molecules by the membrane, and the change in the protein 
concentration with the volume filtered. Polarization may be minimized 
by stirring, and membrane binding may be assessed independently. 
However, the influence of filtration pressure in selectively altering the 
transport of solvent and drug molecules is not widely appreciated. Fur- 
thermore, in estimating the extent of binding by molecular filtration, it 
has become accepted practice to ultrafilter only a small fraction of the 
total sample (often <lo%) to avoid disturbance of the protein binding 
equilibria (14-17). The subsequent difficulty in esKmeling extremely 
small amounts of ultrafiltered drug (18) often presents insurmountable 
analytical problems, particularly with strongly bound, low serum con- 
centration drugs. 


This report discusses two important aspects of ultrafiltration. First, 
the influence of filtration pressure on the ultrafiltrate drug concentration 
is examined theoretically. The theory presented accounts for the previ- 
ously unexplained dilution of the ultrafiltrate observed at higher filtration 
pressures by Spector et al. (19). Second, it is shown theoretically and 
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Abstract A series of amine cyanoboranes and amine carboxyboranes 
were observed to be antihyperlipidemic agents in mice; i.e., they lowered 
serum cholesterol and triglyceride levels significantly. These compounds 
appeared to inhibit lipid synthesis in the early stages. The ability to lower 
serum cholesterol levels appeared to correlate with the suppression of 
the regulatory enzyme of cholesterol synthesis, @-hydroxy-@-methyl- 
glutaryl-CoA reductase activity. The reduction of serum triglycerides 
correlated with the ability of the borane compound to suppress liver fatty 
acid synthetase activity. 


Keyphrases 0 Amine carboxyboranes-borane analogs of a-amino 
acids, evaluation for antihyperlipidemic activity, mice Amine cyano- 
boranes-borane analogs of a-amino acids, evaluation for antihyper- 
lipidemic activity, mice 0 Antihyperlipidemic activity-effects of amine 
cyanoboranes and amine carboxyboranes on serum cholesterol and tri- 
glyceride levels in mice 


The antineoplastic (1) and anti-inflammatory (2) ac- 
tivities of a series of amine cyanoboranes, amine carbox- 
yboranes (boron analogs of amino acids), and related an- 
alogs in mice were reported previously. While studying the 
metabolic effects of the cyanoborane derivatives in Ehrlich 
ascites cells, it was noted that a number of these analogs 
significantly reduced the activity of the regulatory enzymes 
of cholesterol synthesis. For example, trimethylamine 
cyanoborane reduced the enzymatic activity of /3-hy- 
droxy-/3-methylglutaryl-CoA reductase activity by 25%. 
This observation suggested that the amine cyanoborane 
and amine carboxyborane analogs should be screened for 
antihyperlipidemic effects. Those studies are now re- 
ported. 


EXPERIMENTAL 


Compounds-The following reagents were purchased: tert- butyl- 
amine borane’ [ ( C H ~ ) ~ C N H Z - B H ~ ]  (I), morpholine boranel 
[O(CHZCH~)ZNH-BH~] (111, trimethylamine borane2 [(CH3)3N.BH3] 
(1111, and dimethylamine borane2 [(CH~)ZNH.BH~] (IV). Trimethylamine 
cyanoborane [(CH3)3N.BH2CN] (V), dimethylamine cyanoborane 
[(CH3)2NH*BH&N] (VI), trimethylamine-N-ethylamidoborane 
[(CH3)3N.BH2C(O)N(CH2CH3)H] (VII), trimethylamine carboxyborane 
[(CH3)3N.BH2COOH] (VIII), trimethylamine iodoborane [(CH&N- 
BHzI] (IX), and hexakis(ammonia cyanoborane)sodium iodide 
([Na(NH3-BH&N)&\ (X) were prepared by procedures outlined pre- 
viously (1). 


Likewise, the following were prepared by previously outlined proce- 
dures (2): N,N,N’,N’-tetramethylethylenediamine-bis(cyanoborane) 
[CH~N(CH~)Z*BHZCN]~ (XI), N,N,N’,N’-tetramethylethylenedia- 
mine-bis(carhxyborane) [CH2N(CH&BH2COOH]2 (XII), N,N,N’,N‘- 
tetramethylethylenediamine-bis(N-ethylamidoborane) [CH2N(CH& 
BH2C(O)NHCH2CH3]2 (XIII), N-methylmorpholine cyanoborane 
[O(CH&Hz)zN(CH3)2BH&N] (XIV), pyridine cyanoborane 
(C~HSN-BH~CN) (XV), pyridine carboxyborane (C~H~N-BHZCOOH) 
(XVI), ammonia cyanoborane (NHyBHzCN) (XVII), trimethylamine 
carboethoxyborane [(CH3)3N.BHzCOOCHzCH3] (XVIII), 3-dimeth- 
ylaminoproprionitrile cyanoborane [NCCH~CH~N(CH~)Z.BH~CN] 


(XIX), and ethylenediamine-bis(cyanoborane) (CH~NHZ-BH~CN)~ 
(XX). 


Ammonia carboxyborane (NHrBH2COOH) (XXI), the boron analog 
of glycine, was prepared by an amine-displacement reaction on 
(CH&N*BH2COOH with liquid ammonia (3). Similarly, methylamine 
carboxyborane (CH~NHTBH~COOH) (XXII) and dimethylamine car- 
boxyborane [(CH3)2NH-BH&OOH] (XXIII) were prepared by amine- 
displacement reactions on (CH3)3N.BH&OOH with the appropriate 
amine (4). Sodium dimethylaminohydroborate [Na(CH&NBH3] 
(XXIV) was obtained commercially3. 


Serum Antihyperlipidemic Effects-CF1 male mice (-30 g) were 
fed rodent laboratory food with water ad libitum during the experiment. 
Drugs were suspended in 1% carboxymethylcellulose-water and ho- 
mogenized. Doses were calculated on weekly weights of the mice (5). Test 
compounds were administered a t  20 mg/kg/day ip. On Days 9 and 16, 
blood was collected by tail vein bleeding in alkali-free, nonheparinized 
microcapillary tubes and centrifuged 3 min to obtain the serum. Duplicate 
30-pl samples of nonhemolyzed serum were used to determine the serum 
cholesterol levels (milligram percent) by a modification of the Lieber- 
mann-Burchard reaction (6). A separate group of mice were bled on Day 
14, and their serum triglyceride levels (milligram percent) were deter- 
mined by using 25-pl samples (7). 


M 
concentrations for their effects on enzymatic activity of a 10% liver ho- 
mogenate prepared in 0.25 M sucrose and 0.001 M ethylenediamine- 
tetraacetic acid, pH 7.2. Adenosine triphosphate citrate-lyase activity 
was measured by the method of Hoffmann et al. (8). Acetyl-CoA syn- 
thetase activity was determined by the method of Goodridge (9). The 
acetyl-CoA formed from each enzymatic reaction was coupled with hy- 
droxylamine to produce acetohydroxamide, which was measured at  540 
nm. Acetyl-CoA carboxylase activity was measured by the method of 
Greenspan and Lowenstein (LO), utilizing sodiurn-I3H] bicarbonate (6.2 
mCi/mmole) after 30 min of incubation at  37O for polymerization of the 
enzymes (11). 


Fatty acid synthetase activity was determined by the method of Brady 
et al. (12), utilizing [2’-14C]malonyl-CoA (37.5 mCi/mmole) incorporated 
into newly synthesized fatty acids. [WIAcetate (57.8 mCi/mmole) in- 
corporation into cholesterol (@-hydroxy-@-methylglutaryl-CoA reductase 
activity) was measured as described by Haven et al. (13) and extracted 
by the method of Wada et al. (14). 


Enzymatic Assays-Compounds were tested in uitro a t  


RESULTS AND DISCUSSION 


The amine cyanoborane and amine carboxyborane compounds sig- 
nificantly reduced serum cholesterol levels in mice after 16 days of dosing 
(Table I). Compound XXI demonstrated the best inhibitory effect by 
causing 56% reduction of serum cholesterol at 20 mg/kg/day. Compounds 
IV, VII, and VIII caused >40% inhibition while I, 11, X, XV, XVIII, XXII, 
and XXIII caused >3@% inhibition of serum cholesterol levels. The serum 
triglyceride levels also were lowered after 14 days of treatment with the 
borane derivatives; V, XVIII, XXII, and XXIV caused >40% reduction. 
Compounds VII, VIII, IX, XII, and XV-XIX reduced the serum tri- 
glyceride levels a t  least 30%, whereas I1 and XXIII caused a 20% reduc- 
tion. 


With in uitro enzymatic assays, it was demonstrated that acetyl-CoA 
synthetase activity was suppressed >50% by I1 and XV and 40% by IV, 
V, X, XVI, XVIII, XIX, XXII, and XXIV (Table 11). Compounds VIII, 
IX, XVII, XX, and XXIII caused at least 30% inhibition. Citrate-lyase 
activity was inhibited at  least 30% by VI, XIV, and XV and 20% by 11,111, 
V, IX-XI, XVII, and XVIII. @-Hydroxy-@-methylglutaryl-CoA reductase 
activity was inhibited 62% by XXI and 50% by IV. Compounds V, VIII, 
XI-XV, XVIII, XX, and XXIII suppressed this enzymatic activity by 
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Table I-Effects of Boron Analogs on Serum Lipids in Mice (n = 8) 


Percent of Control, f f SD 
Serum Cholesterol Serum Triglyceride, 


Compound Formula Dose, mgikg Day 9 Day 16 Day 14 


74 f 9" 
I 
I1 O(CHzCHz)zNH-BH3 20 6 7 f 6 "  6 4 f 5 "  


20 9 1 f 7 b  7 0 f 3 "  85 f 5" 
20 71k4"  5 8 f 5 "  88% 11 


111 (CH3)3N-BH3 


58 f 9" 
IV 
V (CH3)3N*BHzCN 20 9 2 f 8 "  7 2 f 6 "  


VI (CH3)zNH.BHzCN 20 8 8 f 5 6  7 2 f 7 '  98 f 9 
VII (CH3)3N*BHzC(O)NHCHzCH3 20 8 1 f 5 "  5 8 f 6 "  64 f 7" 


VIII (CH3)3N*BHzCOOH 20 6 8 f 6 "  51 f 6 "  61 f 5" 
IX (CH&N.BHzI 20 1 0 0 f 7  85 i 5" 65 f 8" 


NalNHsBHn(CN)JslI 20 8 8 f 6 b  6 4 f 5 "  


CHzN(CH3)z*BHzCOOH]2 20 95 f 4 89 f 5c 89 f 10 
CHZN(CH~)~BH~C(O)NHCHZCH~]Z 20 1 0 0 f 3  90 f 4c 68 f 6' 


CsHaN-BHzCN 5 8 1 f 8 "  6 6 f 3 "  70 f 7" 
C~H,jN-BH~COOH 5 8 2 f 4 "  7 1 f 5 "  60 f 8" 
NH,*BH&N 5 8 9 f 7 b  8 5 f 5 "  64 f 4" 


XIX NCCHzCHzN(CH3)yBHzCN 20 98 f 6 76 f 7 66 f 9 


X 
XI 


XI1 
XI11 
XIV xv 
XVI 


XVII 
XVIII 


XXII CHsNHyBH2COOH 20 6 6 f 5 "  6 6 f 5 "  55 f 6" 


Carboxymethylcelluloe (1%) 100f5e  1 0 0 f t e  100 f 8f 


(CH~)~CNHZ.BH~ 10 7 7 f 5 "  6 4 f 8 "  9 0 f 7  


(CHa)zNH*BH3 


- 
CHzN(CH3)z*BHzCN]z 20 8 8 f t b  7 3 f 7 "  89 f 76 


(CH2CHz)zNCHrBHzCN 5 a4 f 7" 73 f 8" 95 f 11 


(CH~)~N*BH~COOCHZCH~ 20 7 6 f 7 "  6 4 f 6 "  57 f 5" 


xx (CHzNHy BH2CN)z 5 8 3 f 7 "  9 6 f 7 "  8 4 f 4 "  
XXI NH3.BHzCOOH 20 5 6 f  5 44 f 6 101 f 10 


XXIII (CH&NH-BH2COOH 20 6 5 f 6 "  6 3 f 4 "  77 f 8" 
XXIV N a ( C H 3 ) 2 N B H 3 20 7 4 f 4 "  7 4 f 5 "  59 f 9" 


I 
p I 0.001. b p S 0.025. C p S 0.010. * 115 mg %. 118 mg '70. 130 mg %. 


Table 11--la Vitro Effects of Boron Analogs on Regulatory Enzymes of Cholesterol and Triglyceride Synthesis 


Percent of Control, f f SD 
Acetvl-CoA Citrate- B-Hvdroxv-B-methvldutaryl Acetyl-CoA Fatty Acid' . -  


Compound Synihetase lyase CoA Reduct&; Carboxylase Synthetase 


I 78 f 6" 97 f 6 79 f 8' 95 f 6 100 f 10 
I1 43 f 5" 79 f 5" 118 f 9 82 f 7b  92 f 9" 


111 77 f 8" 72 f 6" 74 f 8' 86 f 7c 79 f lo* 
IV 59 f 7" 9 6 f 7  50 f 5" 83 f 6b 98 f 9 
V 50 f 7" 79 f 8" 64 f 7" 1 0 0 f 9  64 f 7" 


67 f 7" 106 f 8" 1 0 0 f 4  77 f 8" VI 
VII 


VIII 60 f 9" 1 0 0 f 8  61 f 9 "  1 0 0 f 5  62 f 5d 
77 f 5" 89 f 7c 79 f 6" 76 f 7" IX 69 f 5" 


XI 76 f 5" 70 f 6" 58 f 6" 103 f 8 1 0 0 f 9  
XI1 89 f 8 C  99 f 5 62 f 4" 106 f 7 100 f 11 


XI11 80 f 9" 80 f 7" 64 f 6" 113 f 7 65 f 8" 
XIV 77 f 7" 67 f 7' 62 f 5" 118 f 9 89 f 7= xv 49 f 6' 67 f 8" 58 f 7" 78 f 8b 102 f 8 
XVI 50 f 4" 86 f 4" 72 f 8" 82 f 56 92 f 6 


XVII 61 f 7' 78 f 10" 74 f 7' 94 f 6 100 f 11 
XVIII 55 f 8' 72 f 5" 61 f 6" 65 f 4" 92 f 9 


XIX 54 f 5" 94 f 6 78 f 6" 1 0 0 f 7  87 f 8c 
66 f 6" 102 f 5 56 & 5" 1 0 0 f 7  99 f 10 
- 1 0 0 f 4  38 f 7" 101 f 8 70 f 7" 


xx 
XXI 


XXII 55 f 7" 1 0 0 f 8  1 0 0 f 8  40 f 6" 72 f 7' 
XXIII 63 f 4" loof 11 60 f 5" 75 f 5" 83 f 9' 
XXIV 53 f 7" 93 f 9 87 f 44 101 f 8 100 f 10 


100 f 6" 


- - 
71 f 8" 


- - - 


- - X 50 f 7" 71 f 7" 74 f 8" 


Carboxymethylcellulose (1%) 100 * 5d 100 f 4e 100 f 4f 100 f 78 


dpm/g of wet tissue in 60 min. a 32,010 dpm/g of wet tissue in 30 min. 
0 p 5 0.001. p 5 0,010. C p 5 0.025. d 28.5 mg of acetyl-CoA formed/g of wet tissue in 30 min. e 30.5 mg of citrate hydrolyzed/g of wet tissue in 30 min. 1,142,065 


37,656 dpm/g of wet tissue in 30 min. 


at least 35%; I, 111, X, XVI, XVII, and XIX suppressed this activity by 
2090. Acetyl-CoA carboxylase activity was inhibited >20% by IX, XV, 
and XXIII, whereas XXII caused 60% inhibition of enzymatic activity. 
Fatty acid synthetase activity was suppressed >30% by V, VIII, and XI11 
and 20% by 111, V1, IX, XXI, and XXII. 


The ability to lower serum cholesterol levels appeared to correlate 
positively with the suppression of the regulatory enzyme of cholesterol 
synthesis, p-hydroxy-j3-methylglutaryl-CoA reductase. For example, XXI 
lowered serum cholesterol levels and 8-hydroxy-P-methylglutaryl-CoA 
reductase activity maximally. Compound IV followed the same pattern. 
The ability to lower serum triglyceride levels appeared to correlate pos- 
itively with the inhibition of fatty acid synthetase activity, as seen with 
V, VIII, and XIII. Fatty acid synthetase is required for fatty acid syn- 


thesis, which is needed for triglyceride synthesis. Specific boron analogs 
inhibited acetyl-CoA carboxylase, the regulatory enzyme of fatty acid 
synthesis, and adenosine triphosphate citrate-lyase, a hydrolytic enzyme 
needed for the cleavage of citrate from the mitochondria to acetyl-CoA. 
However, the inhibition of neither enzyme seemed to correlate directly 
with the ability of the boron analogs to suppress serum cholesterol and 
triglyceride levels. 


The ability to lower acetyl-CoA synthetase enzymatic activity appeared 
to be linked to both the ability to lower serum cholesterol and triglyceride 
levels, as observed with 11, IV, V, VIII, XV, XVI, XVIII, and XXII- 
XXIV. Acetyl-CoA synthetase is required in the activation of acetate in 
the cytoplasm for the synthesis of cholesterol and fatty acids. Thus, it 
was demonstrated that the amine cyanoborane and carboxyborane an- 
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alogs were potent antihyperlipidemic agents in mice by suppressing both 
cholesterol and triglyceride levels. The probable site of action of the boron 
analogs is in the early synthesis of lipids. 
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Abstract A series of 4-imidazolylmethyl arylsulfides, sulfoxides, and 
sulfones and two carbon isosteres of 4-imidazolylmethylphenyl sulfide 
(I) were synthesized and tested for inhibition of histidine decarboxylase 
from rat stomach. None of these analogs of I met the criterion of a potent 
and specific inhibitor of histidine decarboxylase. 


Keyphrases Imidazoles, 4-substituted-synthesis and evaluation for 
inhibition of histidine decarboxylase 0 Histidine decarboxylase-inhi- 
bition, synthesis and evaluation of 4-substituted imidazoles Struc- 
ture-activity relationships-synthesis and evaluation of 4-substituted 
imidazoles for inhibition of histidine decarboxylase 


Due to the implication of histamine in many physio- 
logical processes (1,2), there has been interest in regulating 
its de novo biosynthesis by inhibiting histidine decar- 
boxylase (EC 4.1.1.22) (3-7). A specific and potent inhib- 
itor of this enzyme would be important as a new type of 
antihistamine and as a useful research tool. The authors 
previously reported on some derivatives of histidine as 
candidate inhibitors of histidine decarboxylase from rat 
stomach (3,4). This paper summarizes the synthesis and 
evaluation of some 4-substituted imidazoles as inhibitors 
of this pharmacologically important enzyme. 


DISCUSSION 


The imidazolyl sulfides in Table I were prepared by reaction of the 
appropriate 4-imidazolylalkyl chloride with a mercaptan by a modifi- 
cation of a literature method (7,8). Oxidation of I or I1 with hydrogen 
peroxide gave the sulfoxides VI and VIII or sulfones VIZ and IX. If the 
reactions were heated, partial decomposition occurred and the yields were 
diminished. Application of the Wittig reaction to 4-(N-triphenyl- 
methy1)imidazolecarboxaldehyde (41, followed by removal of the trityl 
group and catalytic hydrogenation, gave IV and V. 


Inhibition of histidine decarboxylase was measured as described pre- 
viously (3). The inhibition obtained with I and I1 was in close agreement 
with reported values (7). Varying the nature of the bridge between the 
imidazole and phenyl rings resulted in a loss in inhibition relative to I 
(11-IX in Table 11). Insertion of nitrogen in the phenyl ring (X and XI) 
also was deleterious to activity. Substitution of a methyl group on the 


bridge (XII) gave some enhancement in inhibition with an 150 of 4.7 f 
0.3 X M. Extending the chain length (XI11 and XIV) resulted in a 
loss in inhibition. 
In conclusion, several alterations in the structure of I were made, but 


none of the analogs met the criteria of a potent and specific inhibitor of 
histidine decarboxylase. 


EXPERIMENTAL’ 


Each analytical sample had spectral data compatible with its assigned 
structure and moved as a single spot on TLC. The analytical samples gave 
combustion values for carbon, hydrogen, and nitrogen within 0.4% of the 
theoretical values. 
4-Imidazolylmethylphenyl Sulfide Hydrochloride (1)-Method 


A-To an ice bath-cooled solution of 3.24 g (60.0 mmoles) of sodium 
methoxide in 100 mi of ethanol was added 6.15 ml (60.0 mmoles) of 
thiophenol, followed by the addition of 4.45 g (29.0 mmoles) of 4-chlo- 
romethylimidazole hydrochloride (8,9) in 25 ml of ethanol. After 1 hr, 
the ice bath was removed, and the reaction was stirred at  ambient tem- 
perature for several hours. The mixture was filtered, and the filtrates were 
spin evaporated in vacuo. 


The residue was dissolved in 10% HCl and extracted with ether to re- 
move the excess thiol. The aqueous solution was adjusted to pH 8-9 with 
1 M NaOH and extracted with ether. The combined extracts were washed 
with water and brine and then dried. Spin evaporation gave an oil, which 
was converted to the solid hydrochloride and recrystallized. 


Method B-The reaction was carried out with an equimolar quantity 
of mercaptan. The reaction mixture was spin evaporated to give a residue. 
This residue was dissolved in chloroform, washed with water, dried, and 
reevaporated prior to hydrochloride formation. 
4-Imidazolylmethylphenyl Sulfone Hydrochloride (VII): Method 


C-A solution of 3.13 g (13.8 mmoles) of I and 15 ml of 30% aqueous hy- 
drogen peroxide in 20 ml of acetic acid was stirred at ambient temperature 
for 20 hr. The reaction was poured over 200 ml of ether containing 10 ml 
of hydrogen chloride-saturated ethanol, and the mixture was stirred 
vigorously to induce the oil to solidify. The solvent was decanted from 
the semisolid, a moderate amount of ethanol was added, and the mixture 
was stirred until a crystalline solid was formed. The product was collected, 
washed with ether, and recrystallized. 
1-(4-Imidazolyl)-2-phenylethylene Hydrochloride (1V)-To a 


-~ ~ ~ ~ _ _ _ _ _  ~ 


1 Melting points were taken in capillary tubes on a Mel-Temp block and are 
uncorrected. 
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Hexane was selected for extraction of ibuprofen from plasma acidified 
with 1 M phosphoric acid. This selection was based on the highest amount 
of ibuprofen and/or the lowest amount of interfering fluorescent material 
being extracted. Ethyl acetate, ether, methylene chloride, and chloroform 
extracted excessive fluorescent substances from plasma (Fig. 2). 


When phosphate buffers of pH 3 and 4 were used to acidify plasma, 
no ibuprofen was extracted. A pH 4 acetate buffer allowed extraction of 
only minimal amounts of ibuprofen. Phosphoric acid (1.0, 2.0, 3.0,4.0, 
and 5.0 M) produced maximal extraction of ibuprofen; however, with 1.0 
M phosphoric acid, minimal interfering constituents were extracted (Fig. 
3). The optimum recovery of ibuprofen (74.91 f 0.56%) from spiked 
plasma samples was obtained using 1.0 M phosphoric acid to acidify the 
plasma prior to extraction with hexane. 


The ratio of the peak height of ibuprofen to the peak height of the in- 
ternal standard was calculated. Statistical analysis indicated excellent 
linearity in the range of 1-40 pg of ibuprofedml of plasma with a corre- 
lation coefficient of 0.993, a slope of 0.0625 f 0.0016, and an intercept 
of -0.11743 f 0.0326 (Table IV). 


Plasma levels of volunteers receiving one 600-mg oral dose of ibuprofen 
were aa high as 40 pglml and as low as 15 pg/ml at 2 and 6 hr, respectively, 


after dosing. 
The method reported here for the determination of ibuprofen will be 


a valuable tool for studying pharmacokinetic parameters and for moni- 
toring patients, especially when they receive other nonsteroidal anti- 
inflammatory drugs. 
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Abstract 0 Chronic in situ loops of dog small intestine (jejunum or 
ileum) were used to investigate the absorption of the 8-adrenoreceptor 
blocking agents atenolol and propranolol. Absorption measurements were 
made in conscious dogs by monitoring drug disappearance from solution 
in the loop, with correction for intestinal water absorption. The jejunum 
had a mean resting pH of 7.3 and a slight net secretion of water into the 
lumen; the ileum had a resting pH of 7.9 and a strong net absorption of 
water. Propranolol absorption was rapid and first order in both regions, 
with the ileum showing faster absorption than the jejunum due to its 
higher resting pH. In contrast, atenolol absorption was negligible in the 
jejunum and only moderate in the ileum. The data were quantitatively 
consistent with the pH-partition mechanism for the absorption of pro- 
pranolol but not for atenolol. The model was validated for atenolol by 
showing that, following drug administration into jejunal and ileal loops, 
drug disappearance rates were similar to absorption rates calculated from 
systemic blood levels. This technique is useful, realistic, and relatively 
simple for studying intestinal drug absorption without seriously per- 
turbing normal GI conditions. 


Keyphrases 0 Atenolol-absorption studied in chronic in situ ileal and 
jejunal loops in dogs 0 Propranolol-absorption studied in chronic in 
situ ileal and jejunal loops in dogs Absorption-atenolol and pro- 
pranolol, studied in chronic in situ ileal and jejunal loops in dogs 0 
8-Adrenoreceptor blocking agents-atenolol and propranolol, absorption 
studied in chronic in situ ileal and jejunal loops in dogs 


The widespread use of in situ intestinal loop prepara- 
tions for studying drug absorption is partly a result of the 
difficulty of extracting absorption rate data from blood 
level measurements. In addition, these techniques allow 
drug absorption to be measured directly at the absorption 
site, by monitoring the disappearance of a drug introduced 
into the intestinal lumen, and require much less experi- 
mental effort than blood level studies. Models using rats 
(1 ,2)  and dogs (3) have been reported. 


However, physiological factors that affect in uiuo ab- 
sorption rates (e.g., intestinal pH, water and ion flux, and 
intestinal blood flow) may themselves be affected by the 
surgical manipulation and anesthesia involved in preparing 
the animal for absorption measurements in the acute sit- 
uation (4-9). In some cases, these effects may render an 
animal model unsuitable for particular drugs. For instance, 
it was found (10) that the Doluisio rat in situ preparation 
(2) was a valid model for the in uiuo absorption of one 
0-adrenoreceptor blocking agent (propranolol) but not for 
another (practolol). This result was attributed to the ef- 
fects of anesthetic and surgical shock on the animal. 


A technique designed to overcome some of these prob- 
lems is described in this paper. It consists of an isolated 
intestinal loop in situ in the conscious dog and is a devel- 
opment of the classical Thiry Vella loop technique (11). 
The use of this model is illustrated by investigation of the 
absorption characteristics of two 0-adrenoreceptor 
blocking agents, atenolol and propranolol. This compari- 
son is relevant because of the different extent of absorption 
of the two drugs in humans and because of the previous 
observation that the Doluisio in situ rat technique is not 
a good model for this type of compound. Attempts also 
were made to demonstrate the validity of the technique. 
Preliminary observations with this model were reported 
previously (12), and this paper represents an expansion 
and continuation of this work. 


EXPERIMENTAL 


Preparation of Intestinal Loops-Adult male beagle dogs, 13-17 
kg, were trained to sit unrestrained on a table for 1 hr or more. Thiry Vella 
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loops of jejunum or ileum were surgically constructed in each dog (one 
loop per dog), using a procedure similar to that described by Markowitz 
et al. (11). The dogs were fasted prior to surgery but allowed water ad 
libitum. Anesthesia was induced with thiopental sodium and maintained 
with halothanebxygen given by intubation. 


A midline abdominal incision was made, and an abdominal retractor 
was used to expose the small intestine. The section of intestine required 
for loop formation was identified; it was the midjejunum or terminal 
ileum (25-50 cm long) and enclbsed one complete vascular arch. The 
mesentery was divided, and each end of the loop was clamped. A second 
clamp was positioned at  each end 2-3 cm from the first clamps. The in- 
testine then was cut between the clamps, and the cut ends were anasto- 
mosed to reestablish the integrity of the small intestine. The cut ends of 
the loop were overstitched, and a small incision was made in the intestinal 
fold at  each end of the loop. A purse-string suture was inserted around 
this incision, and a titanium cannula2 (84.5 mm X 9 mm 0.d.) was intro- 
duced. 


The cannula was tied firmly in position and anchored with additional 
stitches to the flange. The suture lines and insertion of cannulas were 
covered with a layer of omentum. The mesentery of the small intestine 
was repaired, and the retractor was removed. The cannulas were exteri- 
orized through stab incisions on the right flank of the animal. The midline 
incision was repaired, and the animal was allowed to recover. 


Postoperatively, the dogs were deprived of food for 24 hr (water ad 
libitum), and a normal diet was introduced gradually over the next 5 days. 
Antibiotics3 were administered for 3 days. A recovery period of 2-3 weeks 
was allowed before any experimental work with the loop was attempted. 
In addition, the saline washout procedure (see Absorption Experiments 
in Loops) was performed at least once a week during the working life of 
the loop. Except during absorption experiments, the fistulae were open 
to the atmosphere. 


Histological Examination of Loops-Two dogs were killed -6 
months after construction of the loops. Postmortem examinations were 
carried out, and several samples of tissue from different regions of the 
loop and from normal intestine were excised. The tissue was fixed in lo?& 
formaldehyde solution-saline and processed by embedding in paraffin 
wax, sectioning at  4 pm, and staining with hematoxylin and eosin. 
Transverse and longitudinal sections prepared in this way were examined 
microscopically. 


Absorption Experiments in Loops-The experiments were carried 
out in 16 loop dogs (nine jejunal and seven ileal) over -3 years. A strict 
crossover design was not possible, but the determination of absorption 
rates was repeated, both within and between animals, to determine the 
amount of biological variation in this parameter and to provide an ac- 
curate comparison of the absorption of atenolol and propranolol in both 
the jejunum and ileum. 


The dog was allowed to sit or lie quietly and unrestrained on a table, 
and a balloon catheter4 was inserted into the proximal fistula. It was se- 
cured in position by air inflation of the balloon. With a 50-ml syringe, 30 
ml of 0.154 M NaCl (warmed to 37O) was flushed through the loop to re- 
move excess mucus and cellular debris. A similar catheter (no extension 
piece) then was positioned in the distal fmtula, and 30 ml of drug solution 
(37") was introduced into the loop uia the proximal catheter. The solution 
in the loop was sampled immediately after introduction (time zero) and 
at 2.5- or 5-min intervals up to 1 hr by aspirating the solution into the 
50-ml syringe and withdrawing 0.5-ml samples into a 1-ml syringe uia 
a three-way tap. At the end of the experiment, the loop was rinsed with 
0.154 M NaCl. 


Drug solutions contained atenolol or propranolol a t  0.5 mg/ml(l.9 and 
1.7 mM, respectively) in 0.154 M NaC1. 14C-Labeled polyethylene glycol 
40006 (0.01 mg/ml) was included as a nonabsorbed marker (13). The so- 
lutions were adjusted to pH 7 by addition of 0.1 N HCI. 


Blood Atenolol Level Experiments--In the blood level experiments, 
drug was administered either into the intestinal loop (30 ml at  3.33 mg/ml 
(12.7 mM)] or orally (as a rapidly dissolving 100-mg tablet). The blood 
profile of atenoiol after a 40-mg/ml iv bolus was measured in seven 


~~ ~ ~ 


1 Fluothane, Imperial Chemical Industries Ltd., Macclesfield, Cheshire, En- 
gland. 


*One flange (18.3-mm diameter) was placed at one end, and another (.-25-mm 
diameter) was separated from the first flange by 8.0 mm. 


Strepto en (Glaxovet Ltd., Greenford, En land); 4 ml (1 g of penicillin G 
procaine anal of dihydrostreptomycin) was afministered by intramuscular in- 
jection once daiy. 


'A WSP 4116 two-way (18F9) (Warne Surgical Products Ltd., Andover, En- 
land) catheter was fitted with a 10-cm extension piece of 2-mm i.d. Silastic 


fink. 
Radiochemical Centre, Amersham, England. 


nonloop dogs of similar age and weight and from the same colony. In both 
cases, blood samples (4 ml) were taken from jugular or brachial veins at 
frequent intervals over 8 hr and collected in sodium oxalate-treated 
containers. 


Analytical Techniques-The pH values of the drug solution samples 
removed from the loop were measured using a pH meter fitted with a 
microdual electrode6. Measurements were made immediately after 
withdrawal of the final sample (-70 min after time zero). 


The drug content of the intestinal loop samples was measured fluo- 
rometrically. The drug concentrations were calculated from peak heights 
by reference to a calibration curve. For atenolol, aliiuots (50 pl) were 
alkalinized with 2 ml of 0.1 N NaOH and extracted with cyclohexane- 
n-butanol(5050). The drug then was back-extracted from the organic 
layer into 0.1 N HCl(4 ml). The acidic layer was read on a fluorescence 
~pectrophotometer~ with excitation and emission wavelengths of 235 and 
300 nm, respectively. Blood samples of atenolol(1 ml of whole blood) were 
processed in the same way. For propranolol, intestinal loop samples (100 
pl) were diluted to 10 ml in distilled water and read directly on the fluo- 
rescence spectrophotometer. Excitation and emission wavelengths were 
290 and 340 nm, respectively. 


The effective volume of the drug solution in the loop at  each time was 
estimated by measuring the concentration of 14C-labeled polyethylene 
glycol in the withdrawn samples. Aliquots (0.1 ml) of loop samples were 
placed in 10 ml of scintillants and counted for 10 min on a scintillation 
countef. Counting efficiencies were determined by internal standard- 
ization, using a spike of 50 pl of 14C-labeled n-hexadecane6 containing 
10,OOO dpm. 


Intestinal Loop Calculations-The polyethylene glycol 4000 con- 
centration in each loop sample (expres4ed as disintegratiops per minute 
per milliliter) was used to correct the measured drug concentration 
(milligrams of atenolol per milliliter) for changes in solution volume, 
occurring as a result of net water absorption or secretion in the intestinal 
loop, as follows. The 14C-labeled polyethylene glycol 4000 concentration 
(DO) at  time zero was divided by the value ( D t )  at  each sampling time to 
give DdDt. This fraction is an index of the change in drug solution vol- 
ume. The measured drug concentration ( C t )  at  each sampling time was 
divided by the value (CO) at time zero to give the fraction Ct/Co. Multi- 
plying CtlCo by Do/Dt gives ft. which is the fraction of the initial dose 
remaining in the loop at any given time, corrected for changes in drug 
solution volume during the experiment. 


The ratio Do/Dt is equivalent to Vt/V0, where VO and Vt are the actual 
volumes (in milliliters) of drug solution in the loap at  time zero and time 
t; Vo is not the same as the volume of drug solution introduced (30 ml) 
due to dilution by residual fluid in the loop. Comparison of the polyeth- 
ylene glycol 4000 concentration at  time zero (DO) with that in the drug 
solution before introduction shows that VO is usually about 32 ml, but 
it varies from experiment to experiment. 


The slopes of the plots of log ft uersus time were obtained by linear 
regression using least mean squares. First-order disappearance rate 
constants (ko(dis)) and half-lives (tllz) were calculated from the slopes. 
With propranolol in both the jejunum and ileum and with atenolol in the 
jejunum, inspection of the disappearance plots showed that any lag time 
prior to disappearance was short. Therefore, all time points were used 
to calculate the disappearance rate constant. With atenolol in the ileum, 
a distinct lag time was present in nearly all of the disappearance plots, 
and points obviously not on the first-order part of the plot were excluded 
from the linear regression. In both cases, the lag time was obtained from 
the regression equation. 


Blood Level Calculations-Absorption rate constants (&.(blood)) were 
calculated from mean blood level results using the instantaneous mid- 
point-input principle (14). 


RESULTS 


Conditions of Loop Dogs-Once dogs had recovered from surgery, 
little special care was necessary to maintain them in good condition. The 
loops remained viable for up to 9 months, allowing several series of ex- 
periments to be carried out in some dogs. Postmortem examination of 
loop tissue, and comparison with normal intestinal tissue, showed that 
no gross histological changes occurred over 6 months as a result of the 


Model 3550 pH meter with Cecar electrode, Beckman Instruments, Irvine, 
Calif. ' Model MPF 43, Perkin-Elmer Ltd., Beaconsfield, England. 


8 Cocktail N, Fisons Ltd., Loughborough, England. 
Model 524, Packard Instruments Ltd., Caversham, England, or Intertechnique 


SL 4OO0, Kontron Analytical Ltd., St. Albans, England. 
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Table I-Intestinal Loop Disappearance Parameters for  Atenolol 


Dog 
Parameter for Jejunum *349N 190P 141Mb 514-78 527-78 Mean f SD 


hdis),.min-’ 0.0037 O C  O C  0.0017 0.0007 0.0012 f 0.0016 
tli2, mm 187 - - 408 990 529 f 414 
Lag time, min 12 - - 19 33 21 f 11 
n 13 13 7 13 13 - 
r 0.819 0.40SC 0.142c 0.645 0.585 - 
Resting pH of loop 7.25 7.21 7.43 7.34 7.34 7.31 f 0.009 


Dog 
337Nb 397N 


Parameter for Ileum kxp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 3 Exp. 4 352MN 279MP 206-78 Mean i SD 
ka(dis), pin-’ 0.023 0.025 0.019 0.018 0.010 0.021 0.018 0.012 0.019 0.018 i 0.0048 
t 119. mm 30 28 36 39 69 33 39 58 36 41 i 14 
Lii time, min 11 15 9 6 13 7 2 11 20 10 i 5 - n 10 6 7 7 11 7 7 8 8 
r 0.981 0.976 0.948 0.993 0.939 0.949 0.958 0.973 0.921 - 
Resting DH of ~ O O D  - 7.91 7.67 7.98 7.83 7.64 8.01 7.97 8.03 7.88 f 0.15 


a Initial drug concentration wan 0.5 mg/ml, unless otherwise shown. * Initial drug concentration was 3.33 mg/ml. No significant correlation (p < 0.05) between log 
ft and time (linear regression). Not recorded. 


isolation of the intestinal segment. The only evidence of any difference 
was a slight reduction in thickness of the muscularis layer of the loop, 
attributed to its isolation from the passage of normal gut contents. 


pH and Volume Changes in Intestinal Loops-Drug solutions, 
which were adjusted to pH 7 but unbuffered, underwent changes in pH 
and volume during an experiment. Distinct and characteristic differences 
were seen between jejunal and ileal loops (Fig. 1). In the jejunum, the pH 
rose to -7.5 and then declined gradually back to 7.2 at  60 min (mean * 
SD was 7.34 f 0.19). In contrast, the ileum showed an initial rise before 
the significantly higher “resting” level of 7.88 i 0.13 was reached. The 
resting pH in each experiment is recorded in Tables I and 11. The pH 
values recorded for each experiment were measured immediately after 
completion of the experiment (-70 min after time zero). Control exper- 
iments showed that a small increase in sample pH occurred during this 
time but that it was not significant (p < 0.05). There was no difference 
in the behavior of jejunal and ileal loop samples. 


The drug solution volume during a 60-min experiment remained es- 
sentially constant in the jejunal loops but showed a marked and consistent 
decrease in ileal loops. This finding is consistent with other reports (15, 
16). Considerable dog-to-dog and experiment-to-experiment variations 
existed in these volume changes (much more so than with intestinal pH), 
but the characteristic difference between the jejunum and ileum was 
nearly always present. 


Drug Disappearance Rates-Disappearance profiles for atenolol 
and propranolol were characteristic of the drug and the type of loop. 
Mean plots for disappearance of both drugs in the jejunum and ileum are 
shown in Fig. 2, and the parameters derived from the separate experi- 
ments are listed in Tables I and 11. 


Rapid first-order disappearance of propranolol occurred in both jejunal 


and ileal loops, with no appreciable lag time before the onset of disap- 
pearance. Disappearance half-lives were 17 and 7.1 min for the jejunum 
and ileum, respectively. The corresponding profiles for atenolol show a 
slower disappearance. Disappearance in the jejunum was very slow, av- 
eraging only 7% of the initial drug concentration in 60 min. Therefore, 
disappearance parameters are only approximate in this case. Values of 
k,,(dk) and half-life are quoted only if there was a significant linear cor- 
relation between log f r  and time over 60 min; where there was no corre- 
lation, the rate constant was taken as zero. Atenolol disappearance in the 
ileum (half-life of 41 min) was first order and much faster than in the 
jejunum. It had a lag time of -10 min. 


Repeat determinations of k,,(&) for each drug in either the jejunum 
or ileum showed good reproducibility both between dogs and within the 
same dog. There was no indication of any progressive change in the rate 
constant due to loop deterioration during the working life of any dog. 
Individual values of ka(di) for each situation varied by a factor of two or 
less, except for atenolol in the jejunum where the disappearance was so 
slow that accurate measurements were impossible. 


Combined Loop and Blood Level Experiments-Systemic levels 
of atenolol were measured after administration of drug solution into je- 
junal or ileal loops and after oral administration (Fig. 3). Blood atenolo1 
levels following jejunal administration were low; after ileal administration, 
they were similar to those resulting from oral administration of an 
equivalent dose. This finding indicates that the rate of drug appearance 
in the systemic circulation was much slower after introduction into the 
jejunal loop than into the ileal loop, reflecting the pattern of disappear- 
ance rates from the loops. Values of k a ( b l 4 )  in these experiments were 
calculated from the blood level data in Fig. 3 using intravenous data ob- 
tained in a separate group of seven dogs. Actual blood atenolol concen- 


Table 11-Intestinal Loop Disappearance Parameters for Propranolol a 


Dog 
349N 135R 


Parameter for Jejunum Exp. 1 Exp.2 547MR Exp.1 Exp.2 862P 9OOP Mean f SD 
ka(dis)t min-’ 0.048 0.048 0.026 0.051 0.028 0.043 0.065 0.044 f 0.014 
t 112, ?in 14 14 27 14 25 16 11 17 f 6 
Lag time, min +2.9 -1.6 +0.3 -0.2 -0.8 -6.3 -2.2 -1.1 
n 15 14 14 14 12 14 7 
r 
Resting DH of ~ O O D  7.50 7.38 7.46 7.34 7.67 7.18 6.92 7.35 f 0.24 


- 
- 0.997 0.991 0.998 0.997 0.995 0.974 0.992 


Dog 
377N 


Parameter for Ileum Exp. 1 Exp. 2 479P 31P 206.78 Mean f SD 
0.12 0.095 0.067 0.14 0.096 


0.980 0.995 
7.95 7.95 7.98 7.89 7.13 


0.11 f 0.033 
7.1 f 2.0 


+1.3 - 
- 


7.90 f 0.10 


See footnotea to Table I. 
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Figure &The pH changes (a) 
and volume changes (b) in jejunal 
(0) and ileal (0) loops. Each 
point is the overall mean value 
(&SE) from all atenolol and pro- 
pranolol experiments detailed in 
Tables I and II .  
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trations used in the calculations are shown in Table 111. Plots of the 
fraction unabsorbed (log scale) against time are shown in Fig. 4, and the 
derived rate constants are shown in Table IV. Values of ka(t , i4 )  for jejunal 
and ileal absorption were similar to ko(dis) values obtained from experi- 
ments in the intestinal loops. In addition, values Of  ka(bl&) for ileal and 
oral administration were almost identical. 


DISCUSSION 


Apart from the preliminary article (12), there have been no previous 
reports in which isolated intestinal loops were used in this way for 
studying drug absorption in the conscious dog. A similar surgical tech- 
nique was reported (3), but the animals were anesthetized and absorption 
was followed by blood sampling. Such an approach does not utilize the 
full potential of the technique for simulating intestinal conditions in 
uivo. 


The histological observations, although limited, suggest that this 
preparation maintained the integrity of the isolated intestinal segments 
over the 6-9-month period during which they were used. This concept 
is supported by the lack of significant change in drug disappearance rates 
over this period and by reports from other investigators (17, 18). The 
intestinal loops should be normal functionally as well as histologically. 
Care was taken during surgery to maintain the mesenteric blood supply 
intact; with the lack of anesthetic and surgical stress, blood flow to the 
intestinal tissues during absorption experiments should be the same as 
in intact gut in uiuo. Normal function in the intestinal loops was indicated 
by the return of peristalsis on recovery from the operation, by water ab- 
sorption in the ileum, and by the strong buffering capacity of the loops 
toward drug solutions. 


The use of buffered drug solutions was avoided so that absorption 
measurements could be made under intestinal conditions close to nonnal. 
Therefore, intestinal pH changed in response to the normal ion absorp- 
tion and secretion processes of the loops, giving the characteristic pH 
profiles in the jejunum and ileum (Fig. 1). 


To validate such an absorption model, it is necessary to show a corre- 
lation between lumenal drug disappearance and appearance on the 
serosal side of the intestinal membrane. Ideally, this approach involves 
collecting blood from the mesenteric veins serving the loop to allow direct 
measurement of drug arrival on the serosal side of the membrane. This 
study was attempted in other animal models (19,20), but the techniques 
are invariably complex and usually necessitate the use of anesthetized 
animals. To avoid modification of the basic technique, the rate of drug 
appearance on the serosal side of the membrane was estimated by the 
less direct method of measuring systemic blood levels and calculating 
absorption rate constants (kn(bl&)) for drug administered orally or into 
jejunal or ileal loops. These experiments were performed only with 
atenolol since it is largely unmetabolized after oral administration (21, 


22). For this drug, there should be a quantitative balance between drug 
absorbed from the intestinal lumen and that appearing intact in the 
systemic circulation. This is not the case with propranolol, which is ex- 
tensively extraded during the first pass through the liver both in humans 
and in dogs (23,24). 


These experiments showed that ko(dis) and ka(bl&) not only correlate 
well in a relative sense (i.e., ileal uersus jejunal rates) but are quantita- 
tively almost identical. Therefore, the atenolol disappearance measured 
in this model was an accurate reflection of true drug absorption into the 
systemic circdation. In addition, the similarity of k o ( b l 4 )  vahes following 
oral and ileal administration suggests that absorption from the intestinal 
loops is quantitatively similar to that in the intact small intestine and 
that the ileum is probably the major site of atenolol absorption in the 
intestinal tract. 


General conclusions concerning the validity of the technique should 
apply to propranolol as well as to atenolol, although, in this case, the rate 
of disappearance from the loop corresponds to the appearance of “total’’ 
drug (i.e., intact drug and metabolites) in the blood. Significant mem- 
brane storage of highly lipophilic drugs (25) destroys the direct correlation 
between lumenal disappearance of drug and absorption. However, the 
hiexponential disappearance profiles characteristic of this situation were 
not seen in the dog intestinal loop experiments. In addition, there is some 
evidence (9) that membrane storage only occurs under conditions of 
significantly reduced intestinal blood flow (which may be present in an 
anesthetized in situ gut preparation) but not in a relatively stress-free 
chronic preparation such as the one described here. 


Disappearance profiles for atenolol and propranolol in the intestinal 
loops show distinct and interesting differences between the two drugs 
and for each drug between jejunal and ileal loops. Both drugs are basic 
and have pKa values1° close to 9.5. Therefore, they are more unionized 
in the ileum (pH 7.88) than in the jejunum (pH 7.34); the theoretical 
fractions unionized ( f u )  are 0.02 and 0.007, respectively. Therefore, the 
more rapid absorption of both drugs in the ileum than in the jejunum was 
as expected. The fact that propranolol was absorbed more rapidly than 
atenolol in both loops is attributable to its much greater lipophilicity 
(octanol-water log P values of 3.65 and 0.23 for propranolol and atenolol, 
respectivelyl0) and, hence, its more ready partitioning between intestinal 
mucosa and gut contents. Quantitative comparison of ko(&) values from 
Tables I and I1 showed that propranolol was absorbed 37 times more 
rapidly than atenolol in the jejunum and six times more rapidly in the 
ileum. The ratios of ileal to jejunal rates were 2.5 for propranolol and 15 
for atenolol. 


There was an apparent overall adherence to the pH-partition principle 
(I, 4) since more rapid absorption occurred when a greater proportion 
of drug was present unionized and the more lipophilic drug was absorbed 
more rapidly. However, the ileal to jejunal ratios of ha(&) indicate a basic 
difference in the behavior of the two drugs. With propranolol, the ob- 
served ileal to jejunal ratio of 2.5 was almost exactly that predicted, for 
both drugs, from the ratio of 2.9 between f u  in the two loops. For atenolol, 
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Figure %-Disappearance plots /or atenolol (a) and propranolol (b) 
in jejunal (0) and ileal (0) loops. Each point is the mean ualue from 
experiments detailed in Tables I and II .  


lo P. J. Taylor, ICI Ltd., Alderley Park, Cheshire, England, personal cornrnuni- 
cation. 
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Figure 3-Atenolol whole blood levels after administration of 100 mg 
of drug into jejunal (i) or ileal (ii) loops (@) and after oral adminis- 
tration (0). Results are for two dogs with jejunal loops and for two dogs 
with ileal loops. 


the more slowly absorbed drug, a much larger ratio of 15 was found under 
the same conditions. This result cannot be explained simply in terms of 
the difference in the resting pH between the two loops. Even if the ab- 
sorption rate was controlled by a microclimate pH at the mucosal surface 
(4,26) rather than by bulk phase pH, it would be expected to affect both 
drugs in a similar way. 


A fundamental difference in the absorption mechanisms of these two 
drugs is, therefore, indicated. Propranolol absorption is explicable in 
simple pH-partition terms, whereas an alternative or additional mech- 


Table 111-Atenolol Systemic Blood Concentration Data Used in  
CalCUhtiOn Of ka(blood) a 


Mean Atenolol Blood Concentration, pg/ml 
Intravenous Oral Adminis- Adminis- 


Hours Adminis- Adminis- tration into tration into 
after trationb trationc Jejunal Ileal 
Dose (n = 7 )  (n = 4) Loop ( n  = 2) Loop (n = 2) 


- d - d -d 
d -d -d  


0.08 13.6 
0.17 9.2 
0.25 7.9 0.42 0.15 0.50 


-d 0.33 6.7 
0.50 5.4 1.9 0.28 1.1 
0.75 4.5 2.5 0.23 2.3 
1.0 3.9 3.0 0.33 3.1 
1.5 3.2 3.5 0.58 3.5 


2.7 3.8 0.73 3.2 2.0 
3.0 2.1 
4.0 1.7 2.2 0.35 1.4 


- 


- -d  


- d -d -d 


a Dose of 100 m . b Dogs without intestinal loops. n = number of animals. Two 
dogs with jejunal fmps and two with ileal loops. Not measured. 


Table IV-Values of ka(b14) for Atenolol Calculated a from 
Systemic Blood Concentrations 


Oral Administration Administration 
Adminis- into Jejunal into Ileal 


Parameter tration LoopC LoopC 


0.013 


I 
r 0.993 0.988 


0.014 


7 
0.998 


,I Reference 13. Four dogs. Two dogs. 


0 


Figure 4-Plots of fraction 
unabsorbed (log scale) 
against time for atenolol, 
calculated from whole 
blood levels after adminis- 
tration of I00 mg ofateno- 
lo1 orally (0) and into je- 
junal (0) and ileal (A) 
loops. Mean results are for 
four dogs dosed orally and 
for two each with jejunal 
and ileal loops. 


0.11 , , , , 
0 30 60 90 120 
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anism is implied for atenolol in the ileum. It is possible that a hydrophilic 
molecule such as this one is subject to solvent drag or an active transport 
mechanism, although the current work contains no evidence for it. 
However, in the ileum the onset of atenolol absorption and net water 
absorption corresponded closely, both occurring after an initial lag time 
of -10 min. 


Much has been published on the pharmacokinetics and metabolism 
of atenolol and propranolol, but detailed knowledge of their absorption 
mechanism is lacking. Thus, comparison of the dog intestinal loop data 
with existing data is possible only in a general sense. Propranolol is ab- 
sorbed rapidly after oral administration both in dogs and humans, the 
systemic availability of intact drug being controlled largely by extensive 
extraction or metabolism at  the first pass through the liver (21,22). In 
contrast, atenolol is more slowly absorbed. Overall absorption is incom- 
plete (-50%) in humans, rhesus monkeys, and rats but is markedly higher 
(-90%) in dogs (21,22,27). The extent of metabolism of this drug is small. 
The data obtained for atenolol and propranolol in the dog intestinal loops 
were consistent with this general picture. 


From a clinical viewpoint, both drugs are adequately absorbed in hu- 
mans, and the fact that atenolol absorption is incomplete is of no thera- 
peutic importance (28). Mechanistically, however, the comparison is of 
great interest. The intestinal loop experiments suggest that there is not 
simply a rate difference in the absorption of the two drugs but also a 
difference in absorption mechanism. They also demonstrate that the 
animal model used is a useful, realistic, and relatively simple means of 
studying intestinal drug absqrption without seriously perturbing normal 
GI conditions. 
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Abstract Propiram bioavailability was determined in 10 healthy 
volunteers after a single oral administration of 50 mg (base equivalent) 
of propiram fumarate in tablet or solution dosage form in a randomized 
crossover design. The plasma drug concentration-time curve revealed 
a one-compartment open model with first-order absorption kinetics. 
There were no statistically significant differences (p > 0.05) between all 
of the measured pharmacokinetic parameters obtained from the tablet 
and the solution with the exception of the absorption lag time ( t h ) ,  where 
the tablet had a significantly longer tl,. The drug given as a tablet or 
solution was absorbed rapidly after oral administration with an apparent 
absorption rate constant of 3.7 hr-' for both dosage forms. The C ,  value 
(308 ng/ml for the tablet and 342 ng/ml for the solution) was attained at 
-1 hr after oral administration. The elimination half-life was 5.2 hr for 
the tablet and 4.4 hr for the solution, and the apparent distribution vol- 
ume was 2.31 l i tedkg for the tablet and 1.94 liters/kg for the solution. 
Total body clearance was much greater than renal clearance, indicating 
extensive metabolic clearance for both dosage forms. The study showed 
that propiram administered as the tablet was bioequivalent to the solu- 
tion. 


Keyphrases 0 Propiram-bioavailability in humans, tablet uersus so- 
lution 0 Hydrolysis-fluorescence analysis, despropionylpropiram 
Bioavailability-orally administered propiram in humans 0 Antispas- 
motics-propiram, tablet versus solution bioavailability in humans 


Propiram fumarate, N-(l-methyl-2-piperidinoethyl)- 
N-2-pyridylpropionamide fumarate, was shown in clinical 
studies to have analgesic efficacy following oral and par- 
enteral administration. The drug was active in dogs, cats, 
mice, rats, rabbits, and humans (1, 2) and displayed no 
physical dependency, carcinogenicity, embryo toxicity, or 
influence on general reproductive performance (3). 


Although pharmacokinetic studies of propiram fumarate 
in animals (3) and humans (3, 4) have been reported, a 
detailed pharmacokinetic analysis of the plasma propiram 
concentration-time data is not available. Thus, the present 
study was conducted to provide comprehensive informa- 
tion on propiram pharmacokinetics and bioavailability in 
healthy volunteers after a single oral administration of 
propiram fumarate in a tablet or solution. 


EXPERIMENTAL 


Drug Formulation-Two preparations containing propiram fumarate 
were tested, propiram fumarate tablet1 and propiram fumarate solution2 
containing 50 mg as propiram. 


Study Protocol-Ten healthy male adult volunteers (25-40 years of 
age) participated. Routine laboratory profiles including a complete blood 
count, urinalysis, and chemistry panel were obtained prior to the study 
and 48 hr after drug administration. 


The study, a randomized crossover design, was composed of two seg- 
ments. In the first segment, after an overnight fast, each subject received 
a single dose of propiram fumarate (equivalent to 50 mg of base) as a 
tablet or solution with 100 ml of water according to a random code. After 
a t  least a 4-day washout period, the subjects were given the other dosage 
form. No food was allowed until the 4th-hr blood sample was collected, 
after which a low-fat meal was given. 


Blood samples were obtained at 0,0.5,0.75,1.0,1.5,2.0,2.5,3,4,5,8, 
12,16, and 24 hr. The plasma was separated by centrifugation and stored 
frozen until it was assayed. 


Urine was collected prior to drug administration and for two intervals, 
0-24 and 24-48 hr, after drug administration. The total volume of each 
collection was measured, and an aliquot was frozen until it was as- 
sayed. 


Assay-A modified method of Piitter and Kroneberg (3) was used. The 
propionyl group was removed from propiram by aci'd hydrolysis, and the 
formed secondary amine (despropionylpropiram) showed a strong fluo- 
rescence at  specific wavelengths in acidic solution. 


Five milliliters of plasma, or 0.5 ml of urine sample plus 4.5 ml of water, 
was adjusted to pH 11 with 5 N NaOH and extracted with 7 ml of toluene. 
Six milliliters of the toluene phase then was extracted with 3 ml of 1 N 
H2SO4. An aliquot of the acidic aqueous phase (2.5 ml) then was trans- 
ferred to a 3-ml serum bottle3. After the air was displaced with argon, the 
vial was closed with a stopper4 and aluminum seal and placed in a man- 
ifold block5 heater for 4 hr a t  120'. After cooling to room temperature, 
the fluorescence of the formed despropionylpropiram was measured at  
314 (excitation) and 380 (emission) nm in a spectrophotofluorometd. 


1 FMR 76228D-06, batch 8747-40, Schering Cor 
2 FMR 77571D, batch 9383-44, Schering Corp., kioomfield, N.J. 
3 No. CA8290,3 ml T-1, Kimble Glass, Paramus, N.J. 
4 No. 541, Teflon-lined natural rubber stopper, 13 mm, West Rubber Co., 


6 Multi-Temp block heater, No. 2093, Lab-Line Instruments, Melrose Park, 


6 Aminco-Bowman, American Instruments Co., Silver Spring, Md. 


Bloomfield, N.J. 


Phoenixville, Pa. 


Ill. 
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alogs were potent antihyperlipidemic agents in mice by suppressing both 
cholesterol and triglyceride levels. The probable site of action of the boron 
analogs is in the early synthesis of lipids. 
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Abstract A series of 4-imidazolylmethyl arylsulfides, sulfoxides, and 
sulfones and two carbon isosteres of 4-imidazolylmethylphenyl sulfide 
(I) were synthesized and tested for inhibition of histidine decarboxylase 
from rat stomach. None of these analogs of I met the criterion of a potent 
and specific inhibitor of histidine decarboxylase. 


Keyphrases Imidazoles, 4-substituted-synthesis and evaluation for 
inhibition of histidine decarboxylase 0 Histidine decarboxylase-inhi- 
bition, synthesis and evaluation of 4-substituted imidazoles Struc- 
ture-activity relationships-synthesis and evaluation of 4-substituted 
imidazoles for inhibition of histidine decarboxylase 


Due to the implication of histamine in many physio- 
logical processes (1,2), there has been interest in regulating 
its de novo biosynthesis by inhibiting histidine decar- 
boxylase (EC 4.1.1.22) (3-7). A specific and potent inhib- 
itor of this enzyme would be important as a new type of 
antihistamine and as a useful research tool. The authors 
previously reported on some derivatives of histidine as 
candidate inhibitors of histidine decarboxylase from rat 
stomach (3,4). This paper summarizes the synthesis and 
evaluation of some 4-substituted imidazoles as inhibitors 
of this pharmacologically important enzyme. 


DISCUSSION 


The imidazolyl sulfides in Table I were prepared by reaction of the 
appropriate 4-imidazolylalkyl chloride with a mercaptan by a modifi- 
cation of a literature method (7,8). Oxidation of I or I1 with hydrogen 
peroxide gave the sulfoxides VI and VIII or sulfones VIZ and IX. If the 
reactions were heated, partial decomposition occurred and the yields were 
diminished. Application of the Wittig reaction to 4-(N-triphenyl- 
methy1)imidazolecarboxaldehyde (41, followed by removal of the trityl 
group and catalytic hydrogenation, gave IV and V. 


Inhibition of histidine decarboxylase was measured as described pre- 
viously (3). The inhibition obtained with I and I1 was in close agreement 
with reported values (7). Varying the nature of the bridge between the 
imidazole and phenyl rings resulted in a loss in inhibition relative to I 
(11-IX in Table 11). Insertion of nitrogen in the phenyl ring (X and XI) 
also was deleterious to activity. Substitution of a methyl group on the 


bridge (XII) gave some enhancement in inhibition with an 150 of 4.7 f 
0.3 X M. Extending the chain length (XI11 and XIV) resulted in a 
loss in inhibition. 
In conclusion, several alterations in the structure of I were made, but 


none of the analogs met the criteria of a potent and specific inhibitor of 
histidine decarboxylase. 


EXPERIMENTAL’ 


Each analytical sample had spectral data compatible with its assigned 
structure and moved as a single spot on TLC. The analytical samples gave 
combustion values for carbon, hydrogen, and nitrogen within 0.4% of the 
theoretical values. 
4-Imidazolylmethylphenyl Sulfide Hydrochloride (1)-Method 


A-To an ice bath-cooled solution of 3.24 g (60.0 mmoles) of sodium 
methoxide in 100 mi of ethanol was added 6.15 ml (60.0 mmoles) of 
thiophenol, followed by the addition of 4.45 g (29.0 mmoles) of 4-chlo- 
romethylimidazole hydrochloride (8,9) in 25 ml of ethanol. After 1 hr, 
the ice bath was removed, and the reaction was stirred at  ambient tem- 
perature for several hours. The mixture was filtered, and the filtrates were 
spin evaporated in vacuo. 


The residue was dissolved in 10% HCl and extracted with ether to re- 
move the excess thiol. The aqueous solution was adjusted to pH 8-9 with 
1 M NaOH and extracted with ether. The combined extracts were washed 
with water and brine and then dried. Spin evaporation gave an oil, which 
was converted to the solid hydrochloride and recrystallized. 


Method B-The reaction was carried out with an equimolar quantity 
of mercaptan. The reaction mixture was spin evaporated to give a residue. 
This residue was dissolved in chloroform, washed with water, dried, and 
reevaporated prior to hydrochloride formation. 
4-Imidazolylmethylphenyl Sulfone Hydrochloride (VII): Method 


C-A solution of 3.13 g (13.8 mmoles) of I and 15 ml of 30% aqueous hy- 
drogen peroxide in 20 ml of acetic acid was stirred at ambient temperature 
for 20 hr. The reaction was poured over 200 ml of ether containing 10 ml 
of hydrogen chloride-saturated ethanol, and the mixture was stirred 
vigorously to induce the oil to solidify. The solvent was decanted from 
the semisolid, a moderate amount of ethanol was added, and the mixture 
was stirred until a crystalline solid was formed. The product was collected, 
washed with ether, and recrystallized. 
1-(4-Imidazolyl)-2-phenylethylene Hydrochloride (1V)-To a 


-~ ~ ~ ~ _ _ _ _ _  ~ 


1 Melting points were taken in capillary tubes on a Mel-Temp block and are 
uncorrected. 
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Table I-4-Substituted Imidazoles 


Yield, Melting Analysis, % 
Comaound RI R2 Method % Point Formula Calc. Found 


I 


I1 


I11 


IV 


V 


VI 


VII 


VIII 


IX 


X 


XI 


XI1 


XI11 


XIV 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


CH3 


A 


A 


Ad 


Exp. 


Exp. 


Cf 


C 


Cf 


C 


B 


B 


Ah 


Ah,' 


A h , k  


77 


57" 


73 


48 


99 


78" 


69g 


86 


728 


52 


48 


52O 


46 


29 


124-125"03b 


143-144' 


108-109"e 


g a i i o o a  


147-149'" 


155-1579 


217-225' 


181-182'" 


228.233' eff. 


218-219" dec." 


147-149' eff." 


124-126O 


71-72'] 


64-65"J 


C 
H 
N 


53.0 53.2 


12.4 12.5 
4.89 4.91 


C 54.9 54.6 
H 5.44 . 5.46 
N 11.6 11.8 .. c 54.9 54.5 
H 5.44 5.45 
N 11.6 11.7 
C 63.9 63.7 
H 5.37 5.37 
N 12.6 13.5 
C 63.3 63.4 
H 6.28 6.22 
N 13.4 13.8 
C 49.5 49.8 
H 4.57 4.59 
N 11.5 11.5 
C dfid 46.5 - 
H 4.29 4.35 
N 10.8 11.0 
C 51.5 51.6 
H 5.10 5.24 
N 10.9 11.0 


H 4.80 4.97 
N 10.3 10.5 
C 40.9 41.0 
H 4.20 4.29 
N 15.9 15.8 
C 38.9 39.0 


c 48.4 48.3 


H 4.49 4.49 
N 22.7 22.4 
C 54.9 54.6 
H 5.44 5.54 
N 11.6 11.6 
C 66.0 66.0 
H 6.46 6.49 _ _  _. _ _  
N 12.8 12.9 
C 70.0 69.6 
H 8.08 8.15 
N 10.2 10.6 


~~ 


0 Recrystallized from ethanol-ether. * Lit. (7) mp 124-125". Lit. (7) mp 142-143'. For the preparation of the starting 4-(2-~hloroethyl)imidazole, see Refs. 11 and 
12. e Recrystallized from acetonitrile. f Only a 10% molar excess of 30% hydrogen peroxide was used. 8 Recrystallized from ethanol. * For preparation of the starting 
chloroalkylimidazoles, see Ref. 4. I Purified as oxalic acid salt prior to neutralization. I Recrystallized from ethyl acetate-hexane. k Purified by column chromatography 
on Florisil as free base. 


stirred mixture of 6.66 g (17.1 mmoles) of benzyltriphenylphosphonium 
chloride (10) and 5.70 g (16.8 mmoles) of 4-(N-triphenylmethyl)imid- 
azolecarboxaldehyde (4) in 150 ml of ethanol was added 1.30 g (2.41 
mmoles) of sodium methoxide in 20 ml of ethanol. After 23 hr a t  ambient 
temperature, the reaction was diluted with 400 ml of water and extracted 


Table 11-Inhibition of Histidine Decarboxylase a 


Inhibition at 
Compound 10-4 M, % 


I 
I1 


I11 
IV 
V 


VI 
VII 


VIII 
IX 
X 


XI 
XI1 


XI11 
XIV 


69 
40 
35 
21 
5 
7 


43 
7 
6 


34 
6 


54 
31 


a4 


with three 75-ml portions of chloroform. The combined extracts were 
washed with 50 ml of water and 50 ml of brine, dried, and spin evaporated 
in uacuo. 


The residual syrup was dissolved in a minimum of hot ethyl acetate 
and introduced on a column of magnesium silicates2 (65 g, 31 cm X 2.4 
cm) in hexane. After the column had cooled, it was eluted with hexane. 
The first 200 ml of eluate, which contained the triphenylphmphme oxide 
free product, was spin evaporated in u a c w  to give a syrup. This syrup 
was triturated under hexane to give a white solid (60% yield, 4.10 g) of 
1- [4-(N-triphenylmethyl)imidazolyl] -2-phenylethylene (XV) as a mix- 
ture of cis- and trans-isomers, which was used without further purifi- 
cation. 


A solution of 4.05 g (10.1 mmoles) of XV, 20 ml of tetrahydrofuran, and 
30 ml of 6 M HCl was heated on a steam bath for 3 hr. The reaction was 
cooled, spin evaporated in uacuo, and diluted with 50 ml of water. The 
solids were removed by filtration and washed with water. The combined 
filtrates and washes were spin evaporated in uacuo to give an oil, which 
crystallized under ether. The compound was a mixture of the cis- and 
trans-isomers and appeared as two spots on TLC in chloroform-ethanol 
(91) on silica gel plates. 
4-(2-Phenethyl)imidazole Hydrochloride (V)-A mixture of 1.05 


g (5.08 mmoles) of IV, 100 ml of ethanol, and 100 mg of 10% palladium- 
on-carbon was shaken in the presence of hydrogen at  2-3 atm for 0.5 hr. 


The enzyme from rat stomach was assayed with 0.24 mM [~arboxyl-~4C]-1,- 
histidine as previously described (3). * Florisil 
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The reaction was filtered and spin evaporated in U ~ C U O  to give white 
crystals. These crystals were collected, washed with ether, and recrys- 
tallized. 
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Abstract 0 Emetine has long been recognized as a cardiotoxic drug, but 
its mechanism remains unknown. Since many studies reported an effect 
of emetine on cardiac metabolism, permanent damage to the heart could 
result from such treatment. To investigate this action of emetine in 
relation to the cardiotoxicity seen after a therapeutic regimen, New 
Zealand albino rabbits were given 2 mg/kg/day ip of emetine for 9 days. 
Heart and liver mitochondrial metabolism was assessed polarographically 
using pyruvate, pyruvate plus malate, or succinate as the suhstrate. Heart 
mitochondrial metabolism was reduced in emetine-treated rabbits in 
comparison to the normal controls. However, the metabolic activity of 
the pair-fed control group was equally reduced. Only the liver mito- 
chondrial metabolism of the pair-fed control group was reduced in rela- 
tion to the normal controls, while the liver mitochondrial metabolism of 
emetine-treated rabbits remained unchanged. These data indicated that 
the reduction in heart mitochondrial metabolism resulted from the ina- 
nition induced by the chronic emetine treatment and not from a primary 
effect of the drug. 


Keyphrases 0 Emetine-effects of chronic treatment on heart and liver 
mitochondrial metabolism 0 Mitochondrial function-effects of chronic 
emetine treatment 0 Cardiotoxicity-effects of chronic emetine treat- 
ment on mitochondrial function 


Emetine remains important in the treatment of ame- 
biasis. Its role, however, has been reduced to an alternative 
drug choice, primarily because of its numerous side effeds, 
the most serious affecting the cardiovascular system. Many 
studies reported adverse effects of high concentrations of 
emetine on cardiac metabolism (1-4), although the 
mechanism of this cardiotoxicity remains unknown. 


BACKGROUND 


In a series of experiments, rats injected with -2 mg/kg/day of emetine 
for 14-17 days showed a reduction in heart homogenate respiration with 
butyrate, P-hydroxybutyrate, citrate, a-ketoglutarate, malate, pyruvate, 
or lactate as the substrate (5-7). Since no effects were observed on the 
liver homogenate respiration, Appelt and Heim (5-7) concluded that 
emetine appeared to be selectively toxic to the heart. However, they re- 


ported that animals chronically treated with emetine reduced their food 
intake and lost weight. Since pair-fed controls were not included in their 
study, their conclusion must be reevaluated. 


Few studies investigated the action of emetine on mitochondrial me- 
tabolism, but two reports indicated that therapeutic doses of emetine 
may affect heart mitochondria. Brink et al. (8) found a reduction in 
oxygen uptake and [14C]carbon dioxide formation from glucose, pyruvate, 
and palmitate. If these effects are not secondary to the reduced con- 
tractility observed, a reduction in heart mitochondrial metabolism must 
be postulated. Pearce et al. (9) described the mitochondrion as the pri- 
mary structure in the cardiac cell to be affected morphologically in re- 
sponse to therapeutic doses of emetine in dogs. 


Since metabolic changes in the heart could indicate cardiac damage, 
further study of emetine is important in the overall evaluation of the 
cardiotoxicity seen clinically. Thus, heart mitochondrial metabolism was 
assessed in rabbits treated with therapeutic doses of emetine. Since 
emetine is toxic to the heart yet exerts a major therapeutic effect in the 
liver, liver mitochondrial metabolism was studied for comparison with 
the heart. 


EXPERIMENTAL 


Male New Zealand albino rabbits were given 2 mg/kg/day ip of emetine 
hydrochloride for 9 days. Since emetine-treated animals ate less, pair-fed 
controls were included to exclude effects due to inanition. Normal con- 
trols were fed ad libitum, and water was freely available to all groups. 


Heart mitochondria were prepared as described previously (10). After 
removal of the heart, a piece of ventricle was removed and prepared for 
electron microscopy according to techniques outlined by Hayat (11). 
Rabbit liver mitochondria were prepared similarly. The homogenization 
and suspending media consisted of 0.25 M sucrose plus 1 mM ethylene- 
diaminetetraacetic acid (pH 7.2). 


Heart and liver mitochondrial metabolism was studied polarographi- 
cally with an oxygraph. Pyruvate (5 mM), pyruvate (5 mM) plus malate 
(0.1 mM), and succinate (5 mM) were the substrates. The reaction me- 
dium for the heart mitochondrial studies contained 0.25 M mannitol, 10 
mM KCl, 10 mM tris(hydroxymethy1)aminomethane hydrochloride, 0.1 
mM ethylenediaminetetraacetic acid, and 5 mM phosphate buffer (pH 
7.2). The reaction medium for the liver studies consisted of 0.25 M su- 
crose, 0.1 m M  KCI, and 10 mM tris(hydroxymethy1)aminomethane 
phosphate buffer (pH. 7.2). Small volumes of concentrated adenine di- 
phosphate and magnesium chloride were added to reach final concen- 
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Abstract Propiram bioavailability was determined in 10 healthy 
volunteers after a single oral administration of 50 mg (base equivalent) 
of propiram fumarate in tablet or solution dosage form in a randomized 
crossover design. The plasma drug concentration-time curve revealed 
a one-compartment open model with first-order absorption kinetics. 
There were no statistically significant differences (p > 0.05) between all 
of the measured pharmacokinetic parameters obtained from the tablet 
and the solution with the exception of the absorption lag time ( t h ) ,  where 
the tablet had a significantly longer tl,. The drug given as a tablet or 
solution was absorbed rapidly after oral administration with an apparent 
absorption rate constant of 3.7 hr-' for both dosage forms. The C ,  value 
(308 ng/ml for the tablet and 342 ng/ml for the solution) was attained at 
-1 hr after oral administration. The elimination half-life was 5.2 hr for 
the tablet and 4.4 hr for the solution, and the apparent distribution vol- 
ume was 2.31 l i tedkg for the tablet and 1.94 liters/kg for the solution. 
Total body clearance was much greater than renal clearance, indicating 
extensive metabolic clearance for both dosage forms. The study showed 
that propiram administered as the tablet was bioequivalent to the solu- 
tion. 


Keyphrases 0 Propiram-bioavailability in humans, tablet uersus so- 
lution 0 Hydrolysis-fluorescence analysis, despropionylpropiram 
Bioavailability-orally administered propiram in humans 0 Antispas- 
motics-propiram, tablet versus solution bioavailability in humans 


Propiram fumarate, N-(l-methyl-2-piperidinoethyl)- 
N-2-pyridylpropionamide fumarate, was shown in clinical 
studies to have analgesic efficacy following oral and par- 
enteral administration. The drug was active in dogs, cats, 
mice, rats, rabbits, and humans (1, 2) and displayed no 
physical dependency, carcinogenicity, embryo toxicity, or 
influence on general reproductive performance (3). 


Although pharmacokinetic studies of propiram fumarate 
in animals (3) and humans (3, 4) have been reported, a 
detailed pharmacokinetic analysis of the plasma propiram 
concentration-time data is not available. Thus, the present 
study was conducted to provide comprehensive informa- 
tion on propiram pharmacokinetics and bioavailability in 
healthy volunteers after a single oral administration of 
propiram fumarate in a tablet or solution. 


EXPERIMENTAL 


Drug Formulation-Two preparations containing propiram fumarate 
were tested, propiram fumarate tablet1 and propiram fumarate solution2 
containing 50 mg as propiram. 


Study Protocol-Ten healthy male adult volunteers (25-40 years of 
age) participated. Routine laboratory profiles including a complete blood 
count, urinalysis, and chemistry panel were obtained prior to the study 
and 48 hr after drug administration. 


The study, a randomized crossover design, was composed of two seg- 
ments. In the first segment, after an overnight fast, each subject received 
a single dose of propiram fumarate (equivalent to 50 mg of base) as a 
tablet or solution with 100 ml of water according to a random code. After 
a t  least a 4-day washout period, the subjects were given the other dosage 
form. No food was allowed until the 4th-hr blood sample was collected, 
after which a low-fat meal was given. 


Blood samples were obtained at 0,0.5,0.75,1.0,1.5,2.0,2.5,3,4,5,8, 
12,16, and 24 hr. The plasma was separated by centrifugation and stored 
frozen until it was assayed. 


Urine was collected prior to drug administration and for two intervals, 
0-24 and 24-48 hr, after drug administration. The total volume of each 
collection was measured, and an aliquot was frozen until it was as- 
sayed. 


Assay-A modified method of Piitter and Kroneberg (3) was used. The 
propionyl group was removed from propiram by aci'd hydrolysis, and the 
formed secondary amine (despropionylpropiram) showed a strong fluo- 
rescence at  specific wavelengths in acidic solution. 


Five milliliters of plasma, or 0.5 ml of urine sample plus 4.5 ml of water, 
was adjusted to pH 11 with 5 N NaOH and extracted with 7 ml of toluene. 
Six milliliters of the toluene phase then was extracted with 3 ml of 1 N 
H2SO4. An aliquot of the acidic aqueous phase (2.5 ml) then was trans- 
ferred to a 3-ml serum bottle3. After the air was displaced with argon, the 
vial was closed with a stopper4 and aluminum seal and placed in a man- 
ifold block5 heater for 4 hr a t  120'. After cooling to room temperature, 
the fluorescence of the formed despropionylpropiram was measured at  
314 (excitation) and 380 (emission) nm in a spectrophotofluorometd. 


1 FMR 76228D-06, batch 8747-40, Schering Cor 
2 FMR 77571D, batch 9383-44, Schering Corp., kioomfield, N.J. 
3 No. CA8290,3 ml T-1, Kimble Glass, Paramus, N.J. 
4 No. 541, Teflon-lined natural rubber stopper, 13 mm, West Rubber Co., 


6 Multi-Temp block heater, No. 2093, Lab-Line Instruments, Melrose Park, 


6 Aminco-Bowman, American Instruments Co., Silver Spring, Md. 


Bloomfield, N.J. 


Phoenixville, Pa. 


Ill. 
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Figure 1-Mean plasma propiram concentrations-time curue after a 
single oral administration of propiram fumarate (50-mg base equiua- 
lent) in normal subjects. Key: @, tablet; and 8, solution. 


The drug concentration was determined from measured fluorescence in 
each sample by comparison with a calibration curve obtained with pure 
despropionylpropiram. The correction factor for differences in molecular 
weight between propiram and despropionylpropiram was applied. 


Under the assay conditions, the detection limit for propiram, defined 
as the lowest point on the calibration curve producing a mean f SD where 
the coefficient of variation did not exceed lo%, was 25 ng/ml. Levels below 
25 ng/ml were estimated from the calibration curve. 


Data Analysis-The plasma propiram concentration-time data from 
individual subjects were analyzed by CSTRIP (5) to obtain initial 
polyexponential parameter estimates. The computer stripping revealed 
that the individual data were described adequately by a biexponential 
equation. The coefficients and rate constants obtained then were used 
as preliminary estimates for further computer analysis by the nonlinear 
least-squares program NONLIN (6). Specific first-order rate constants 
for absorption (KO) and elimination (K), as well as apparent volume of 
distribution (Vd, were obtained using the one-compartment open model 
with first-order absorption. The plasma concentration of drug (C,) at  
any time (t) after a single dose (D) is described by: 


where F is the fraction of dose absorbed and t b  is the absorption lag time 
(the time elapsed between dosing and the time of appearance of mea- 
surable plasma drug concentration). 


The area under the plasma drug concentration-time curve from 0 to 
24 hr (AUCu k) was calculated by the trapezoidal rule, and the total area 
(AUC-1 was estimated by AUCz4 hr + Cp.24 hr/K, where cp,24 hr is the 
estimated plasma drug concentration at 24 hr after drug administration. 
The observed maximum plasma drug concentration (C,) and the time 
(T,) to reach C,, were obtained from the individual plasma drug 
concentration-time data. 


The total body clearance (CZ,) was calculated from the ratio of the 
administered dose to AUC,. The renal clearance ( C g )  was calculated 
from the ratio of the cumulative urinary excretion (0-48 hr), Z Duu hr 
to AUC,. 


The estimated pharmacokinetic parameters of propiram for the two 
formulations were compared statistically uia analyses of variance for 
crossover design. 


RESULTS AND DISCUSSION 


The mean plasma propiram concentrations with time for the tablet 
and solution are given in Table I and Fig. 1. A substantial intersubject 
variation in the plasma propiram concentration was observed at  30 min 
and 12 hr for both dosage forms (in which the coefficient of variation was 
>50% of the mean value). Similar variation in plasma concentration at 
30 min was observed by Putter and Kroneberg (3). The large variation 
in propiram concentration seen at the 24-hr sampling time in the present 
study may have been due to levels being near detection limits of the 
assay. 


The individual plasma drug concentration-time data were fitted best 
by a one-compartment open model with fiit-order absorption. The mean 
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Table II-Pharmacokinetic Parameters of Propiram after a 
Single Oral Administration of Propiram Fumarate Tablet or 
Solution (50-mg Base Equivalent) in Normal Subjects 


8 


TABLET SO LUTlON 
Figure 2-Cumulatiue urinary excretion of propiram (0-48 hr) after 
a single oral administration of propiram fumarate (50-nag base equiv- 
alent) in normal subjects. Key: 0, tablet, n = 8, mean f SD = 24.3 f 
10.3; and 8, solution, n = 9, mean f SD = 31.5 f 10.0. 


and standard errors of the estimated pharmacokinetic parameters of 
propiram for both dosage forms are presented in Table 11. The data in 
Table I1 indicate that the drug was absorbed rapidly after administering 
either the tablet or solution with an apparent absorption rate constant 
(K.) of 3.7 hr-l; however, the tl, of the tablet (0.34 hr) was longer than 
that of the solution (0.14 hr). The differences (0.2 hr) in the t h  represent 
the disintegration-dissolution time of the tablet dosage form. Comparison 
of other pharmacokinetic-bioavailability parameters of the two dosage 
forms revealed no statistically significant differences ( p  > 0.05). This 
finding indicates that the dissolution rate of the propiram fumarate tablet 
is fast and may not be rate limiting in absorption. After oral adminis- 
tration, propiram was >97% absorbed (3). Thus, the fraction of dose 
absorbed (F) can be considered as unity. 


The time to reach maximum plasma concentration (Tm.J was 1.4 hr 
for the tablet and 1.2 hr for the solution. These values were in accord with 
literature data for the tablet (3). The maximum plasma drug concen- 
trations (C,) of propiram were simii with the two dosage forms: 308.3 
ng/ml for the tablet and 342.3 ng/ml for the solution. The areas under 
the plasma drug concentration-time curves from 0 to 24 hr (AUC24 hr) 
were 2098.35 and 2150.73 (ng hr)/ml for the tablet and solution, respec- 
tively. The size of the area integral under the plasma levels uersus time 
curve indicates that the same magnitude of bioavailability was obtained 
after either the tablet or solution dosage form. 


Parameter Tableta Solu tiona 


C,,, ng/ml 308.30 i 26.51 342.30 f 29.33 


AUCzr h, ng.hr/ml 2098.35 i 269.65 2150.73 i 300.25 


CITB, ml/min 444.30 i 58.02 441.31 f 53.55 
ZDula kr % of dose 31.59~ f 3.34 
C~R, ml/min 105.17b i 22.53 124.77C f 14.23 
K,, hr-’ 3.68 f 0.48 3.67 i 0.62 
K, hr-l 0.15 i 0.02 0.18 i 0.02 
tHKa, hr 0.22 i 0.03 0.27 f 0.05 
~ H K I  hr 5.17 f 0.58 4.35 i 0.47 
Vd, l i tersbg 2.31 f 0.16 1.94 i 0.09 
t l n g r  hr 0.34d i 0.05 0.14 i 0.06 


subjects. dstatistically significant 


Tm,, hr 1.38i 0.09 1.20 i 0.19 


AUC,, ng.hr/ml 2219.52 i 323.75 2234.70 f 342.46 


24.34 i 3.65 


aMean i SEM of 10 subjects. bMean of eight subjects. CMean of nine 
< 0.05) when the tablet was com- 


pared to the solution via analysis o Ip variance. 


A large distribution volume (2.3 liters& for the tablet and 1.9 litera& 
for the solution) indicates extensive metabolism and/or distribution. The 
disposition (elimination) half-life (5.17 hr for the tablet and 4.35 hr for 
the solution) obtained was lower than the value (-7 hr) reported by 
Horster et al. (4) using a 14C-labeled propiram fumarate tablet. 


The cumulative amounts of propiram excreted in the 0-48-hr urine 
(I: Due b) after the tablet and solution are compared in Fig. 2. The mean 
I: D u 4 ~  hr after the tablet (24.34%) was not significantly different ( p  > 
0.05) from that after the solution (31.59%), showing that approximately 
one-third of the administered dose was recovered in the urine as un- 
changed propiram. A substantial intrasubject variation in I: D u e  6r 
values, as seen in Fig. 2, may have been due to the degree of metabolism 
differences among the subjects. 


For both the tablet and the solution, total body clearance (444 and 441 
ml/min) was much greater than renal clearance (105 and 125 ml/min), 
indicating that metabolic clearance is a major route of the drug disposi- 
tion in humans. 
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Abstract The ultrafiltration technique was evaluated theoretically 
and experimentally for use in clinical serum binding determinations. It 
is apparent from free energy considerations that the ultrafiltrate con- 
centration approaches the true free concentration only as the pressure 
gradient causing flow reduces to zero. The theory presented accounts for 
the previously unexplained lower ultrafiltrate concentration observed 
at higher filtration pressures. Mathematical simulations of the molecular 
separation show that the ultrafiltrate concentration remains constant 
during filtration, and, thus, binding equilibria are not disturbed by this 
procedure, suggesting that an arbitrary restriction on the volume filtered 
is unnecessary. This finding greatly extends the value of the ultrafiltration 
technique in clinical binding determinations, especially for strongly 
bound, potent drugs where assays may be insufficiently sensitive to detect 
the extremely small free fractions reliably. These theoretical findings were 
verified experimentally by ultrafiltration of salicylate, ibuprofen, and 
carprofen in buffer, purified proteins, and whole serum. 


Keyphrases Ultrafiltration-evaluation for use in clinical serum 
binding determinations 0 Binding-evaluation of ultrafiltration tech- 
nique for use in clinical serum binding determinations Salicylate- 
determination of serum binding by ultrafiltration 0 Ibuprofen-deter- 
mination of serum binding by ultrafiltration 


Interest in the influence of plasma binding on drug 
disposition is increasing. The extent of binding partially 
controls drug distribution between the blood and extra- 
vascular fluids (1,2) and may profoundly affect both he- 
patic and renal clearance (3, 4). Furthermore, there is 
ample evidence that the free fraction of drug may be sub- 
stantially altered postoperatively (5), in the elderly (6), and 
following stress and disease (7) and, for certain drugs, may 


differ considerably with the plasma concentration and 
between individuals (8,9). 


BACKGROUND 


Reliable routine methodology for estimating the fraction of free drug 
in plasma and whole blood is needed. Ultrafiltration appears to be more 
appropriate than dialysis techniques because it can be carried out rapidly 
without storage or addition of potentially competitive buffer components 
and electrolytes. The speed with which the free fraction can be estimated 
after sample collection is particularly important since the levels of fatty 
acids produced by lipolysis of triglycerides increase on storage (LO) and 
during dialysis (11). Nonesterified fatty acids are known to decrease the 
binding of drugs in vitro (12) and in uivo (13). 


Among the generally recognized limitations of the ultrafiltration 
technique are the polarization of protein on the membrane, the uptake 
of small molecules by the membrane, and the change in the protein 
concentration with the volume filtered. Polarization may be minimized 
by stirring, and membrane binding may be assessed independently. 
However, the influence of filtration pressure in selectively altering the 
transport of solvent and drug molecules is not widely appreciated. Fur- 
thermore, in estimating the extent of binding by molecular filtration, it 
has become accepted practice to ultrafilter only a small fraction of the 
total sample (often <lo%) to avoid disturbance of the protein binding 
equilibria (14-17). The subsequent difficulty in esKmeling extremely 
small amounts of ultrafiltered drug (18) often presents insurmountable 
analytical problems, particularly with strongly bound, low serum con- 
centration drugs. 


This report discusses two important aspects of ultrafiltration. First, 
the influence of filtration pressure on the ultrafiltrate drug concentration 
is examined theoretically. The theory presented accounts for the previ- 
ously unexplained dilution of the ultrafiltrate observed at higher filtration 
pressures by Spector et al. (19). Second, it is shown theoretically and 
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experimentally that arbitrary restriction of the volume fraction ultra- 
filtered is unnecessary and that the equilibrium position and ultrafiltrate 
concentration are unaltered, even when the protein concentration in- 
creases almost twofold. This finding greatly extends the value of ultra- 
filtration, particularly for clinical monitoring of binding. 


THEORY 


Free Energy Considerations: Influence of Pressure-Modern 
ultrafiltration membranes do not contain pores of uniform dimensions 
that allow the passage of small molecules and retain the much larger 
binding species. The mechanism of transfer and retention is unclear. 
However, their characteristic of allowing free passage of the solvent and 
yet, a t  the same time, reflecting some small solute molecules (16,20) is 
analogous to transfer of the drug and the solvent through traditional 
membranes containing heterogeneous pores and suggests the applicability 
of pore theory to the newer system. These membranes may even permit 
the passage of a small, but usually negligible, fraction of the macromol- 
ecule. 


Consider a reversible interaction at  equilibrium occurring in solution 
between a drug and protein at  constant temperature and pressure. The 
reaction mixture is in contact with a selectively permeable membrane 
prior to ultrafiltration to determine the bound and free ligand concen- 
trations (Scheme I). 


[PI + [LI F= P I  
Scheme I 


In Scheme I, [PI, [L], and [PL] are the protein, drug, and bound drug 
concentrations, respectively. Protein molecules with and without bound 
drug are unable to penetrate the membrane and, therefore, do not take 
part in the ultrafiltration process. The ultrafitrate thus is produced from 
the interstitial solution in which the macromolecules are dispersed. 


If the reaction mixture contains mL and ms moles of free drug and 
solvent, respectively, and the pressure on it is raised to 1 + AP atmo- 
spheres (atrn), a small volume of ultrafiltrate may be collected at  1 atm 
due to the pressure difference across the membrane of AP. The ultrafil- 
trate contains dmL and dms moles of drug and solvent, respectively, and 
the solute concentration is not necessarily the same as in the reaction 
mixture: 


(Es. 1) 


When the pressure on the reaction mixture returns to 1 atm, then the free 
energy (AG1) expended on the system to produce the ultrafiltrate is given 
by (21): 


AG1= (ELmL + ESrns)AP (Eq. 2) 


where EL and ES are the partial molal volumes of the free drug and solvent 
in the reaction mixture, respectively. 


This free energy (AG,) associated with the pressure applied to accel- 
erate filtration is available to produce changes in the composition of the 
ultrafiltrate compared to the composition in the interstitial solution of 
the reaction mixture. 


On the other hand, the free energy change required to convert an in- 
finitesimal volume of the original reaction mixture to ultrafiltrate (AGz) 
is given by (21): 


where T is the absolute temperature, R is the gas constant, and a,! and 
arm are the atmospheric activities of the components of the ultrafiltrate 
and the reaction mixture, respectively. When the composition of the ul- 
trafiltrate changes during filtration because the membrane is penetrated 
more readily by the solvent than the drug, AGz is positive. When the 
ultrafiltrate drug concentration is identical to the free drug concentration 
in the reaction mixture, it follows from Eq. 3 that AGz equals zero. Thus, 
to produce a true ultrafiltrate containing a drug concentration equal to 
the free concentration in the protein solution, pressure must be applied 
that is sufficient just to produce a finite flow rate but insufficient to 
supply free energy to change the ultrafiltrate composition. 


Therefore, although AG1 must be greater than AGz, the ultrafiltrate 
drug concentration represents the free concentration most closely as the 
pressure gradient approaches zero. 


Thus, if the membrane discriminates between solvent and drug mol- 
ecules, whether on the basis of charge or dimension, then the drug con- 
centration in the ultrafiltrate will not equal the free concentration in the 


original reaction mixture. The deviation will be an increasing function 
of the pressure gradient. This phenomenon may be explained by con- 
sidering the events occurring at  a particular channel through which only 
the solvent is able to pass. If the filtration pressure is greater than the 
osmotic pressure of the reaction mixture, then the solvent will pass 
through this pore and dilute the ultrafiltrate. In practice, this deviation 
may occur a t  pressures smaller than the osmotic pressure of the reaction 
mixture. The ultrafiltrate is in diffusional contact with the reaction 
mixture, and, thus, the pressure at  which ultrafiltrate dilution occurs is 
simply the osmotic gradient between the reaction mixture and the ul- 
trafiltrate. 


Mass Balance Considerations: Influence of Volume Change-The 
effect of the protein and drug concentration changes that take place as 
a result of the reduction in volume and loss of drug in the ultrafiltrate is 
now considered. 


Drug-protein interactions (Scheme I) often can be described by 
equations derived from the law of mass action. Thus, for a single class 
of binding sites: 


where F is the average drug-protein molar binding ratio and n is the 
number of sites on each protein molecule of association constant K. The 
volume of the reaction mixture is V ,  and mL is as defined previously. 


It is assumed here that the ultrafiltration membrane acts as a perfect 
molecular sieve, completely retaining the macromolecule and neither 
binding nor reflecting the smaller drug molecule, such that when pressure 
is applied, its passage across the membrane, like that of the solvent, is 
unimpeded. 


In the situation where a small volume (d V )  of solution containing dmL 
moles of free drug is ultrafiltered through the membrane, if the new av- 
erage molar binding ratio is denoted by 7, then: 


(Eq. 5) 


This expression can be rearranged 
7 ( V  - d V )  


K = n(mL - dmL) - 7(mL - dmL) (Eq. 6) 


Hence: 
V f  n(mL - d m d  V‘(mL - dmL) 


(Eq. 7) 


If the membrane does not differentiate between solvent and ligand 
molecules, then: 


- =  - 
K V - d V  V - d V  


Substitution in Eq. 7 and rearrangement give: 


(Es. 8) 


It is apparent that the molar binding ratio remains constant throughout 
ultrafiltration, even though the protein and total drug concentrations 
increase markedly. Because of this constancy in V ,  the drug concentration 
in the ultrafiltrate also will be constant and will be the same as the 
equilibrium free concentration in the original reaction mixture. In the 
treatment of the ultrafiltration process, no limitation is placed on the 
fraction of original reaction mixture that may be filtered. Thus, ii and [L]  
remain constant and independent of the volume of sample filtered. This 
treatment assumes constancy of both n and K as filtration proceeds, 
which may not be true at very high protein concentrations due to protein 
conformational change or formation of dimers or high-order macromo- 
lecular aggregates. 


Similar reasoning leading to the same conclusions can be applied to 
more complex reaction mixtures consisting of many binding species, in- 
cluding proteins with more than one class of binding sites. 


EXPERIMENTAL 


[14C]Ibuprofen1 (specific activity 13.11 f 0.19 lCi/mg) and [14C]car- 
profed (specific activity 13.47 f 0.34 pCi/mg) were used as received or 
diluted with unlabeled material. [14C]Salicylic acid3 was diluted with 


Boots Pure Drug Co. Ltd., Nottingham, England. 
Roche Pharmaceuticals, Sydney, Australia. 
New England Nuclear, Boston, Mass. 
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10 20 30 40 60 
PERCENT FILTERED 


Figure 1-Simulation of ultrafiltration process for hypothetical drug 
of binding constants K1 = lo4 M-' (ni = 1) and K2 = lo2 M-' (n2 = 
7), showing changes in the total (m], micrograms per milliliter X lO-l) ,  
bound ([PL], micrograms per milliliter X lO-l), free (&I, micrograms 
per milliliter X lO-l), and protein (PI, gram percent) concentrations 
with the percent volume of the reaction mixture filtered. 


unlabeled compound to a specific activity of 0.144 f 0.004 pCi/mg. So- 
lutions were analyzed by counting 14C-labeled drug in Bray's solution 
to a standard deviation of <3.5% in a liquid scintillation spectrometer4. 
Correction for quenching was made using an automatic external standard 
technique. Quinidine sulfate5 was assayed by fluorescence spectroscopy6 
using excitation and emission wavelengths of 245 and 375 nm, respec- 
tively. 


Bovine serum albumin7 and human serum albumins were reconstituted 
with 0.033 M phosphate buffer (pH 7.4). Whole human serum was col- 
lected by venipuncture from young healthy volunteers and used imme- 
diately. 


Real ultrafiltration data were obtained at ambient temperature using 
an 80-ml polycarbonate cell fitted with a molecular filtration membrane9 
with a surface area of 17.4 cm2 stated to retain molecular weights of >1@. 
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Figure 2-Variation of the ultrafiltrate concentration (micrograms 
per milliliter X 10-l) with the percent oolume filtered for salicylate in 
4% bovine serum albumin (solid symbol) or whole human serum (open 
symbols). The initial total concentratiom were 387 (O),  187 (o), 95 (A) ,  
48 (O), and 194 (.) pglml. 


' Hewlett-Packard model 3375. 
BDH Laboratory Chemicals Ltd., Poole, England. 
Perkin-Elmer model 204. 
Fraction V, Sigma Chemical Co., St. Louis, Mo. 
Fraction V equivalent, Behringwerke AG, Marsburg, West Germany. 
PTGC 04710, Millipore Corp., Bedford Mass. 


Solutions (25 ml) were stirred at 40 rpm during filtration under nitrogen 
at 10 psi. Filtrates were checked periodically for protein leakage using 
trichloroacetic acid. Since these membranes are quite robust, new 
membraneswere used for each drug or macromolecular solution. Between 
ultrafiltrations of different concentrations of the same drug, the mem- 
brane was rinsed in several changes of phosphate buffer (pH 7.4) and 100 
ml of the drug-free buffer was filtered. 


The extent of drug binding to the membrane was evaluated by ultra- 
filtration of drugs dissolved in phosphate buffer (pH 7.4) and assay of 
successive aliquots of the ultrafiltrate. Concentrations were those that 
could reasonably be expected to be found free in serum clinically. 


Ultrafiltration simulations were carried out on a programmable cal- 
culator1° for hypothetical drugs of known binding constants. The fil- 
tration membrane was assumed to  be impervious to the macromolecule 
and neither reflected nor bound the drug. In addition, the pressure gra- 
dient producing hydrodynamic flow was assumed to be infinitesimally 
.small, such that any pressure artifact could be neglected. The Scatchard 
equation: 


where [TI is the total drug concentration, [PI, 7, n,, K,, and [L]  are as 
defined previously, and i = 2, was used to calculate the free drug con- 
centration and, hence, the ultrafiltrate concentration for any particular 
total drug concentration. The algorithm for this iterative calculation was 
reported previously (22). The ultrafiltration process thus was simulated 
by allowing the unfiltered volume to decrease by small increments. Mass 
balance adjustments were made sequentially to account for loss of the 
drug to the ultrafiltrate, the reduced volume, and the increased protein 
concentration in the reaction mixture. Hypothetical free drug concen- 
trations were calculated after each increment of filtered volume. Simu- 
lations were carried out for several hypothetical drugs with wide ranging 
binding constants. 


RESULTS AND DISCUSSION 


Influence of Pressure-Spector et al. (19) observed variations of 
40-75% in unbound digoxin and of 80-97% in unbound ouabain when 
ultrafiltration was carried out at pressures ranging from 45 to 2 psi. They 
were unable to explain these findings; however, it was suggested that 
partial blocking of the filter pores or polarization of the proteins on the 
filter a t  higher pressures might have contributed to the artifact. 


A more likely explanation is that molecules of the solvent and free drug 
cross the membrane at different rates, and this effect is exaggerated at 
higher pressures, as already described. This may be supported by the 
observations of Kurz et al. (16) that membrane reflection of drug mole- 
cules increases with molecular weight; thus, the dilution artifact would 
be greater for the ultrafiltration of larger molecules. This concept is 
consistent with the data of Spector et al. (19) showing that the pressure 
effect was much greater for digoxin (mol. wt. 781) than for ouabain (mol. 
wt. 585). 


Influence of Volume Change-The data presented in Fig. 1 are 
typical of all of the simulation data generated and are for the filtration 
of a drug with binding constants K I  = 104 M-' (nl = 1) and K2 = 102M-' 
(n2 =7J.Ws filtration proceeds, the total, bound drug, and protein con- 
centrations increase markedly, but the free concentration appearing in 
the filtrate and, thus, the concentration ratio of bound drug to protein 
(Z) remain constant. This finding is of substantial relevance in clinical 
binding estimations since estimates of the free concentration are inde- 
pendent of the filtered volume. 


Ultrafiltration data for various salicylate concentrations from 4% bo- 
vine serum albumin and whole human serum (Fig. 2) provide an experi- 
mental verification of the simulations. Experimentally obtained ultra- 
filtrate concentrations remained constant and independent of the volume 
fraction of the protein solution filtered up to 42% of the total volume. In 
these data, the percent filtered was limited to 42%; however, this limit 
is somewhat arbitrary. Beyond -40% filtered, the serum became quite 
viscous and filtration slowed. However, if necessary, a greater fraction 
can be filtered. These findings are consistent with the theory. Not only 
does ultrafiltration not disturb binding equilibria, but a large fraction 
of serum may be ultrafiltered, when necessary, to compensate for a lack 
of assay sensitivity. Although the protein concentration was doubled 
throughout these experiments, this fact had no effect on the ultrafiltrate 
concentration, indicating the absence of any Donnan membrane error. 


The ultrafiltrate Concentration might be expected to deviate from the 
~ ~~~ 


lo TI58. Texas Instruments, Uallas, Tex. 
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Figure 3-Evaluation of membrane binding characteristics by filtration 
of drug in phosphate buffer (pH 7.4). Key for ultrafiltrate concentra- 
tions: A salicylate (micrograms per milliliter X 10-l); 0, ibuprofen 
(micrograms per milliliter X lo2); and 0, quinidine sulfate (micrograms 
per milliliter X 10). The initial concentrations were 38, 0.1, and 1.3 
pglml, respectively. 


true free concentration if the drug binds extensively to the filtration 
membrane. Variable binding has been reported for various drugs and 
types of membranes. For example, binding was reported for phenytoin 
(18), salicylate (23,24), and calcium ion (20). Some investigators reduced 
drug losses by minimizing the area of the membrane in contact with the 
reaction mixture (17). In other studies, urate (25), salicylate, acetazola- 
mide (18), and calcium ion (26) were shown not to bind. Results from this 
laboratory indicate the strong binding of diazepam, quinidine sulfate, 
and ibuprofen to Millipore PTGC series membranes. Greater than 40% 
of the buffer solutions of ibuprofen and quinidine sulfate was filtered 
before the membrane became loaded and the ultrafiltrate concentration 
approached the initial drug concentration (Fig. 3). Uptake by the 17.4- 
cm2 membrane was 0.02 pg of ibuprofen and 0.5 pg of quinidine sulfate1 
cm2. However, this uptake would be expected to vary with the concen- 
tration of drug to be filtered if membrane binding obeys the law of mass 
action. Binding of salicylate to these membranes apparently is negligible 
(Fig. 3). Membrane binding sites probably are rapidly saturated by the 
much greater salicylate concentration used here to represent therapeutic 
free levels. 
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Figure 4-Variation of ultrafiltrate concentration (micrograms per 
milliliter X lo2)  with the percent volume filtered for ibuprofen and 
carprofen in 4% bovine serum albumin (solid symbol) or whole human 
serum (open symbols). The initial total concentrations were 4.5 (o), 2.2 
(O),  1.2 (A), and 15.0 (0) pglml for ibuprofen and 12.7 pglml for car- 
profen (0). 
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Figure 5-Variation of the ultrafiltrate concentration (nanograms per 
milliliter) for diazepam in whole human serum at  an initial total con- 
centration of 400 nglml (Marianne J. Ridd, unpublished data). 


Data from the filtration of protein solutions also were obtained for the 
much more highly bound drug ibuprofen (Fig. 4). However, in this case, 
concentrations of 15.0 Nglml in 4% bovine serum albumin and of 4.5 pglml 
in whole serum showed a slight increase in the ultrafiltrate concentration 
as filtration proceeded because of binding to new membranes. However, 
this artifact was not as great as would be predicted from the membrane 
binding data (Fig. 3) and would be negligible for most clinical pur- 
poses. 


It is suggested that as free drug binds to the membrane, drug dissociates 
from the protein to reestablish the equilibrium. The net effect on the 
ultrafiltrate concentration thus is negligibly small when the amount of 
drug in the reaction mixture is much greater than that binding to the 
membrane. This reservoir effect may eliminate the need to correct for 
membrane uptake. Ultrafiltration of salicylate from 4% bovine serum 
albumin and whole human serum (Fig. 21, as expected, showed no 
membrane binding effect. It thus is probable that membrane binding is 
of practical importance only for extensively membrane-bound drugs 
where therapeutic plasma concentrations are sufficiently low that the 
reservoir effect is insufficient to saturate the membrane binding sites. 
Figure 5 shows ultrafiltration data for diazepam in whole serum at  a 
concentration of 400 nglml. The marked membrane binding effect is 
evident from the fact that the-ultrafiltrate concentration increased 
continuously with the volume filtered up to 45% of the 5-ml sample. At 
this low diazepam concentration, membrane sites are never saturated. 


Table I-Comparison of Ultrafiltration with Other Methods for 
Measuring Protein Binding 


Total Free Concentration, 
Concen- &ml 
tration, Ultrafil- 


Drug Protein d m l  tration Other" 


Salicylate 4% Bovine 194.15 26.59 20.96 ' 
serum 
albumin 


Serum 187.62 44.26 42.90c 
Serum 94.93 12.31 14.7OC 


Ibuprofen 4% Bovine 14.97 0.13 0.02d' 
serum 
albumin 


serum 
albumin 


serum 
albumin 


1% Human 24.35 0.61 0.29"' 


Carprofen 1% Human 12.71 0.013 0.019f' 


The asterisk indicates that the value was calculated using iterative algorithm 
(cf.. Ref. 22). * Dynamic dialysis: nl = 1.18, K1 = 2.10 X 105 M-I; and n2 = 5.03, 
K z  7.1.67 X 1.p M-' (27). Interpolation on serum binding profile obtained by 
equilibrium dialysis against plasma water (J. B. Whitlam and K. F. Brown, un- 
published data). Equilibrium dialysis: nl = 0.92, K1 = 1.37 X lo6 M-'. and n2 = 
6.66, Kz  = 1.94 X W M - I  (33). e Equilibrium dialysis: nl = 0.80, K1 = i.73 X 108 
M-'; and nz = 6.27, Kz = 1.95 X 10' M-I (33). f Equilibrium dialysis: nl = 3.53, 
Ki = 1.39 X 108 M-l; and nz = 6.31, Kz = 1.28 X lo4 M-' (J. B. Whitlam and K. 
F. Brown, unpublished data). 
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The agreement between these ultrafiltration data and data obtained 
using dialysis procedures generally is good (Table I). Free concentrations 
obtained by both equilibrium dialysis and ultrafiltration of carprofen 
in 1% human serum albumin from a single batch are essentially identical. 
Free salicylate concentrations obtained by ultrafiltration of 4% bovine 
serum albumin solutions agree well with free concentrations obtained 
by calculation using binding parameters obtained previously by dynamic 
dialysis (27). Good agreement also was found in comparing serum free 
concentrations obtained by ultrafiltration with those obtained by equi- 
librium dialysis against plasma water. 


Exact equivalence between methods would not be expected due to 
slight differences in experimental conditions. Different albumin batches 
may differ in their content of potentially displacing contaminants (28, 
29). Thus, binding constants obtained for one system will not be uni- 
versally applicable. In addition, binding parameter estimates may be 
substantially biased by the data reduction technique used (30-32). 
Binding constants for ibuprofen were obtained previously (33) using 1% 
albumin and then used in calculations for 4% albumin, assuming binding 
to be protein concentration independent. Protein concentration-de- 
pendent binding of drugs has been reported frequently (34,35) and may 
provide a partial explanation for the observed discrepancies. 


The observation that serum free concentrations determined by ul- 
trafiltration are independent of .the fraction of sample filtered should 
extend greatly the value of the technique. In clinical samples where free 
drug levels may approach the limit of detection, the ability to collect a 
large fraction of ultrafiltrate greatly improves the reliability of the ana- 
lytical technique. 
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Abstract The microbial metabolism of imipramine was studied using 
selected fungal organisms. The major microbial metabolites were isolated, 
and their structures were established by spectroscopic analyses (partic- 
ularly 13C-NMR) and by comparison with authentic samples. The mi- 
crobial metabolites identified included 2-hydroxyimipramine, 10-hy- 
droxyimipramine, iminodibenzyl, imipramine-N-oxide, and desipramine; 
these metabolites also have been found in mammalian metabolism 
studies. 


Keyphrases Imipramine-microbial metabolism, identification of 
metabolites, fungi o Metabolites, microbial-imipramine, identification, 
fungi 0 Microbial metabolism-imipramine. identification of metabo- 
lites, fungi 


Microorganisms possess adaptive enzymes that can be 
raised to high levels under suitable culture conditions or 
by induction. These enzymes are capable of carrying out 
numerous types of chemical reactions and have been uti- 
lized for microbial transformations on a wide variety of 
substrates (1-3). 


The concept of microbial models of mammalian me- 
tabolism involves the observation that microbial metab- 
olism often parallels mammalian metabolism (4, 5). The 
use of microorganisms for the study of biotransformations 
of drugs has been reviewed (6, 7). Numerous microbial 
transformation studies have involved the production of 
derivatives of natural product drugs with increased bio- 
logical activities and/or decreased toxicities. The use of 
microorganisms to study drug metabolism has received far 
less attention, even though its potential has been noted 
(4-7). 


Imipramine (I) is a widely used tricyclic antidepressant 
whose metabolism in mammals has been studied thor- 
oughly (8-12). The metabolism of I using microorganisms 
was considered in this study and compared with human 
and mammalian metabolic studies. 


RESULTS AND DISCUSSION 


Imipramine (I) was subjected to screening using 47 fungi. Of these 
fungi, 14 organisms were capable of metabolizing I to one or more me- 
tabolites (Table I) as indicated by TLC. Four microorganisms, C. blak- 
esleeana (8688a), M. griseo-cyanus (1207a), F. oxysporum f. sp. cepae 
(11711), and A. flavipes (167951, were selected for preparative-scale 
study. 


Incubation of I with stirred cultures of C. blakesleeana resulted in the 
production of two more polar metabolites, which were separated by 
chromatography on silica gel. Both metabolites had a molecular formula 
of C19HaN20 (mass spectrometry), and their identities were established 
mainly by 13C-NMR. The 13C-NMR assignments for I were made pre- 
viously (13). Compound I shows only seven distinct ring carbon signals 
since there is an effective plane of symmetry (13), whereas each metab- 
olite shows 14 distinct signals, indicating that the metabolites differ from 
imipramine in the ring carbons (the signals for the side-chain carbons 
are essentially the same) (Table 11). One metabolite shows a singlet at 
152.9 ppm, suggesting that it is hydroxylated in the aromatic ring. The 
most logical site of hydroxylation would be at C-2, and the W-NMR data 
are consistent with formulation of this metabolite as 2-hydroxyimipra- 
mine (11). The other metabolite shows a doublet at 70.0 ppm and a triplet 
at 40.2 ppm, suggesting that it is 10-hydroxyimipramine (111). The 
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identities of both metabolites were confirmed by direct comparisons with 
authentic samples of I1 and 111. 


Preparative-scale fermentation of I using stirred cultures of F. oxy- 
sporum f. sp. cepae resulted in the production of one metabolite that was 
readily identified as iminodibenzyl (IV); this identification was confirmed 
by direct comparison with an authentic sample. Metabolism of I using 
shaken cultures of A. flavipes (16795) on a preparative scale resulted in 
one metabolite that was identified as imipramine-N-oxide (V) by com- 
parison with an authentic sample. 


The fourth microorganism chosen for preparative-scale study (stirred 
cultures of M. griseo-cyanus) produced three metabolites, two of which 
were identical to metabolites isolated previously (111 and V). The third 
metabolite was shown to be desipramine (VI) by direct comparison of 
its hydrochloride salt with an authentic sample. These preparative-scale 
experiments using the four fungi allowed isolation and identification of 
the major microbial metabolites (11-VI) of I. The same metabolites also 
were detected by TLC in the screening-scale fermentation studies with 
the 10 additional microorganisms. 


High-pressure liquid chromatographic (HPLC) procedures also were 
developed for the identification of the metabolites in cultures not 
subjected to preparative-scale study and quantitation of the metabolites 
in all 14 microorganisms. The retention properties of I and the metabolite 
standards were characterized using retention times relative to I and a 
retention index scale (14, 15) using HPLC System A (Table 111). The 
retention index of drug metabolites can be estimated (15,16) from: 


I, = 200*, + Iref (Eq. 1) 


where I, is the retention index observed for the metabolite, Zref is the 
retention index of the reference or parent drug, and rX is the sum of the 
Hansch substituent constants (17) for the metabolite. Using this method, 
retention indexes of 789,725, and 846 were calculated for 11,111, and VI, 
respectively. These calculated values were in good agreement with the 
experimentally observed values (Table 111). The retention indexes of IV 
and V were more difficult to calculate because the loss of the ionized 
amino group produces a retention index shift that is pH dependent. 
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Table I-Fungi Used for Screening Imipramine 


Fungus (Number)o Metabolite Production 
Alternaria solani (11078) - 
Aspergillus flauipes (1030) + 
Aspergillus flauipes (11013) + 
Aspergillus flauipes (16795) + 
Aspergillus flauus (9170) - 
Aspergillus flauus (24741) - 
Aspergillus flauus (22947) - 
Aspergillus niger (10549) - 
Aspergillus niger (11394) - 
Aspergillus niger (16888) - 
Aspergillus ochraceus (18500) - 
Aspergillus parasiticus (15517) - 
Beauueria bassiana (13144) + 
Beauueria sulfurescens (7159) - 
Botrytis allii (9435) - 
Calonectria decora (14767) - 
Chaetomium cochloides (10195) + 
Cladosporium resinae (22712) - 
Cladosporium resinae f. auelleneum (22711) 
Cunninghamella blakesleeana (8688a) + 
Cunninghamella echinulata (NRRL 3655) + 
Cunninghamella echinulata (9244) + 
Cunninghamella echinulata (11585a) + 
Cunninghamella echinulata (11585b) - 
Cunninghamella elegans (9245) - 
Curvularia lunata (12017) - 
Curuularia lunata (13633) - 
Cylindrocarpon radicicola (11011) - 
Fomes pinicola (15341) - 
Fusarium jauanicum (12575) - 
Fusarium orysporum (7601) - 
Fusarium oxysporum f. sp. cepae (11711) 
Fusarium solani var. coeruleum (24389) 
Mucor griseo-cyanus (1207a) + 
Penicillium adametzi (10407) - 
Penicillium chrysogenum (9480) - 
Penicillium chrysogenum (10002) - 
Penicillium frequentans (10444) - 
Penicillium oralicum (24784) + 
Penicillium spinulosum (16348) - 
Rhizopus arrhizus (11145) + 
Rhizopus stolonifer (6227b) - 
Rhizopus stolonifer (15441) - 
Septomyra affinis (6737) - 
S ncephalastrum racemosum (18192) - 


Whetzelinia sclerotiorum (24156) - 


- 


+ + 


#hetzelinia sclerotiorum (18015) - 


~ 


0 All numbers refer to the American Type Culture Collection in Rockville, Md., 
Metabolite production denoted by a + indicates one unless otherwise specified. 


or more metabolites were produced, as evidenced by TLC. 


Table 11-W-NMR Data of Imipramine and Metabolites a 


Position 
Assign- 
mentb I' I1 111 IVC v VI 


116.1 d 130.7 d1 130.6 d C-1 129.7d ~~. ~. 


C-2 120.0d 152.9s 120.4 d2 119.4d 
C-3 126.3 d 113.2 d 126.8 d3 126.7 d 
C-4 122.3d 121.7 d' 122.3 d4 118.0 d 
C-4a 148.4s 
C-5a 148.4s ~ ~~~ 


C-6 122.3d 
C-7 126.3 d 
C-8 120.0d 
C-9 129.7d 
C-9a 134.2s 


C-l la  134.2s 


C-10 32.3t 
C-11 32.3 t 


C-1' 48.9 t 
C-2' 26.2 t 
C-3' 57.6 t 
N-CHs 45.40 


130.0 d 129.9 d 
120.0 d 120.1 d 
726.7 d 126.4 d 
123.0 d 122.5 d 
147.8 s 148.5 s 
147.8 s 148.5 s 


140.7 s 148.9 s 142.5 s 
148.9 s 146.7 s 142.5 s 
121.6 d1 123.2 d4 118.0 d 123.0 d 122.5 d 
126.4 d 127.9 d3 126.7 d 126.7 d 126.4 d 
119.0 d1 119.9 d2 119.4 d 120.0 d 120.1 d 
130.5 d 130.3 d1 130.6 d 130.0 d 129.9 d 
132.7 s 132.2 s5 128.6 s 134.2 s 134.4 s 
33.0 t2 70.0d 34.9 t 32.2 t 32.4 t 
31.7 t2 40.2 t 34.9 t 32.2 t 32.4 t 


137.2 s 134.9 s5 128.6 s 134.2 s 134.4 s 
48.9 t 48.7 t - 47.9 t 48.8 t' 
25.7 t 26.2 t - 
57.6 t 57.6 t - 
45.0a 45.2 a - 


22.4 t 28.3 t 
69.3 t 50.0 t' 
57.9~1 36.5 q 


a All data were obtained in deuterochloroform as the free bases. Based on 
predicted chemical shifts, literature comparisons, and single-frequency off-reso- 
nance decouplin . Assignments bearing the same numerical superscript may be 
interchanged. 6 e  asignments for I and IV are given in Ref. 13, but the data listed 
are from the present study. 


Table 111-Chromatographic Properties of Imipramine and Its 
Metabolites on HPLC System A 


Compound tR a Retention Index &54/Azsob 


111 0.31 
I1 0.38 
VI 0.43 
V 0.48 


IV 0.72 
I 1.00 


720 
769 
807 
827 
871 


1003 


2.53 
2.06 
1.83 
1.78 
0.197 
1.78 


0 Retention time relative to I (21 min). Ratio of absorbances at  254 and 280 
nm. 


In complex samples, such as those obtained with the simple solvent 
extractions of the screening fermentation samples, it is possible that some 
constituents of the medium might have the same retention time as one 
metabolite. To minimize errors associated with this possibility, the ab- 
sorbance ratio at 254 and 280 nm was measured for each standard (Table 
III), and these values were compared to the A254/Azso values obtained 
for each chromatographic peak in the fermentation extracts. With this 
method, the chance of an error in the identification of a metabolite peak 
is greatly reduced (18). Compounds I, V, and VI all had A 2 5 4 / A 2 ~  vdues 
near 1.79 (Table I11 and Fig. l ) ,  which is consistent with their common 
U V  chromophores. The two hydroxylated metabolites (I1 and 111) had 
higher absorbance ratios, while IV showed a decrease in the ratio and a 
marked increase in the absorbance at  280 nm (Fig. 1). 


To confirm the metabolite identifications made using HPLC System 
A, the metabolite extracts also were analyzed using HPLC System B, 
which was a normal-phase silica system. The metabolite standards gen- 
erally were well resolved, and the elution order (Fig. 2) was very different 
from that of the reversed-phase system. Metabolite I1 could not be re- 
solved from the substrate peak if the extract contained a large residual 
amount of the substrate. 


All extracts obtained from the fermentation screening study were ex- 
amined using both HPLC systems. The chromatogram of the extract of 
the R. arrhizus culture shown in Fig. 3 was typical of the results obtained 
with the other organisms. The yields of 11,111, V, and VI in R. arrhizus 
were between 4 and 1170, and none of these chromatographic peaks was 
detected in the culture control. On examination of the same extract using 
System B (Fig. 2), the same metabolite peaks were detected. Metabolite 
IV was detected in the cultures of R. arrhizus using Systems A and B; 


H H 
I 


a 
> 
3 


Figure 1-Chromatogram of imipramine and metabolite standards 
using HPLC System A. 
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Figure 2-Chromatograms of the extract of R. arrhizus and standards 
using HPLC System B. The top detector response curve was obtained 
from a mixture of the reference standards. The middle detector response 
curve was obtained from the extract of the culture containing I. The 
bottom detector response curve was obtained from the extract of a 
control culture to which I had not been added. 
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however, the yield of IV was not significantly greater than that found in 
the substrate control. Furthermore, IV was not present in the samples 
of I used to prepare the fermentation samples. The low levels of IV that 
were found in the cultures of R. arrhizus and most of the other organisms 
probably were largely due to chemical decomposition rather than me- 
tabolism. Iminodibenzyl IV also has been reported to be a microbial 
metabolite of Aspergillus petrakii (19); but since substrate controls were 
not conducted and since the yields were quite low, it is likely that the IV 
isolated here resulted from degradation and not from metabolism by A. 
petrakii (Table IV). However, in the studies with F. oxysporum f. sp. 
cepae, IV was consistently found at  markedly higher levels than the 
controls, which indicates that IV was produced as a metabolite by this 
organism. 


Using System A to quantitate metabolite production (Table IV), F. 
solani, A. flauipes (11013), and A. flavipes (16795) gave nearly quanti- 
tative conversion to the N-oxide (V). Moderate yields of the desmethyl 
metabolite also were found in the studies with M. griseo-cyanus, R. ar- 
rhizus, and c .  echinulata (9244). Many of the organisms produced both 
hydroxylated metabolites; however, M. griseo-cyanus produced I11 al- 
most exclusively, and C. blakesleeana produced I1 in the largest pro- 
portion. 


An unidentified metabolite (Y) was detected in the cultures of C. co- 
chloides, C. echinulata (3655), and C. echinulata (11585a); it had a re- 
tention index of 484 on System A and a retention time of 9.2 min on 
System B. This chromatographic peak was not detected in the substrate 
control or the culture control. A retention index of 529 was calculated for 
10-hydroxydesmethylimipramine using Eq. 1, which was consistent with 
the retention index observed for Y. An A254IAzso value of 2.65 was ob- 
served for Y, which is consistent with hydroxylation at  the 10-position 
(Azs4/Az~ = 2.53 for 111) and with N-demethylation (which produces 
no change in the ratio). Using the normal-phase HPLC system (System 


: 8 ,  '., /CULTURE CONTROL , .. 
28- _...._. k ''..-. -.~'.._________, -._ ~ _ _  ~ ~ __.___. __.---- 
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Figure 3-Chromatogram of the extract of R. arrhizus using HPLC 
System A. The top two UV detector response curves were obtained from 
the extract of the culture containing I, The bottom two UV detector 
response curues were obtained from the extract o fa  control culture to 
which I had not been added. 


B), Y had a slightly longer retention time than the N-desmethyl me- 
tabolite (VI), and the shift in the retention time was similar to that ob- 
served between I and the 10-hydroxy metabolite (111). In the extract of 
the cultures of C. cochloides, C. echinulata (3655), and C. echinulata 


Table IV-Yields of Metabolites of Imipramine Using 
Microorganisms in the Screening-Scale Fermentation Studies a 


Yield, '70 
Microorganism I I1 I11 IV v VI 


A. flauipes (1030) 33 - - 0.9 8.8 - 
1.2 81 - 
1.3 87 - 


A. flauipes (11013) - _ -  
A. flauipes (16795) - - -  
B. bassiana 72 2.9 - 0.7 1.9 2.5 
C. cochloidesbrE - 0.9 1.9 1.4 1.6 1.3 
C. blakesleeana 72 10 6.5 0.7 3.2 1.4 
C. echinulata (3655) - 16 28 - 3.9 3.8 
C. echinulata (9244) 15 7.1 4.1 0.3 - 7.8 
C. echinulata (11585a) * - 6.9 15 0.1 1.6 1.6 
F. oxysporum f. sp. cepae 22 - - 9.3 0.8 - 
F. solani var. coeruleum - - - 1.1 101 - 
M. griseo-cyanus 80 - 5.6 1.1 - 9.7 
P. oxalicum 7.1 - 3.2 0.7 0.8 - 
R. arrhizus 45 5.4 4.1 0.7 3.7 11 


1.2 - d -  Substrate control 98 - - 
0 Yields are expreaeed as a percent conversion on a mole basis. * Using HPLC 


System A an unknown metabolite (Y) was found having a retention index of 484 
and an A A A m  value of 2.65. The metabolite ale0 was observed at a retention time 
of 9.2 min on HPLC System B. Using both HPLC systems, the metabolite eak was 
not detected in the culture control or the substrate control. Using HPL8System 
A, an unknown metabolite (Z) was found having a retention index of 867 and an 
A d A m  value of 1.67. The chromatographic peak was not detected in the culture 
control or the substrate control. d A trace of V was detected using HPLC System 
A; however, the presence of V could not be confirmed using HPLC System B. 
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(11585a), Y was one of the major components, the substrate was ex- 
hausted, and only moderate levels of the N-desmethyl and 10-hydrox- 
ylated metabolites were present. Although these findings were consistent 
with Y being 10-hydroxydesmethylimipramine, this hypothesis could 
not be verified because an authentic reference standard was not available 
for a direct comparison. 


An additional unidentified metabolite (2) was detected in the extract 
of C. cochloides; it was not found in either the substrate control or the 
culture control. Using System A, Z had a retention index of 967 (A254/Am 
= 1.67). Because of the high value for the retention index and the es- 
sentially unchanged absorbance ratio, it was concluded that Z did not 
represent a ring hydroxylation and that it probably was modified in the 
side chain. Since Z was found in relatively low yields in only one micro- 
organism, no additional studies were done with this metabolite. 


CONCLUSIONS 


The microbial metabolism of imipramine (I) was studied systematically 
using a variety of fungi. The major metabolites identified included 2- 
hydroxyimipramine (II), 10-hydroxyimipramine (III), iminodibenzyl 
(IV), imipramine-N-oxide (V), and desipramine (VI). These microbial 
metabolites also correspond to major human and mammalian metabolites 
of imipramine (8-12,20). The results of this study clearly suggest that 
microorganisms can be used to study drug metabolism (biotransforma- 
tion), with the'added advantage of producing large quantities of me- 
tabolites so that complete biological evaluation as well as complete and 
rigorous structural elucidation studies can be obtained. 


EXPERIMENTAL' 


Fermentation Screening Procedures-Stock cultures were main- 
tained on mycophil (BBL) agar. Preliminary screening for biotransfor- 
mation products was carried out on gyrotory shakers operating at 200 rpm 
(room temperature) in erlenmeyer flasks (125 ml) holding 25 ml of me- 
dium. A two-stage fermentation procedure was utilized as described 
previously (21,22). The fermentation medium consisted of 20 g of dex- 
trose, 5 g of yeast extract, 5 g of peptone, 5 g of sodium chloride, and 5 g 
of dibasic potassium phosphate in 1000 ml of water. Imipramine hydro- 
chloride (5 mghulture) was added as a 5% solution in dimethylform- 
amide. 


Culture controls consisted of fermentation blanks, in which organisms 
were grown under identical conditions but without the substrate. Sub- 
strate controls consisted of sterile media containing the same amount 
of substrate and incubated under the same conditions. 


Fermentation Sampling and TLC Analysis-The fermentations 
were sampled by withdrawing 5 ml of culture broth, adjusting to pH 8, 
and extracting with three 5-ml portions of chloroform. The chloroform 
layers were evaporated, and the residue was redissolved in chloroform 
and spotted on precoated silica gel G and aluminum oxide TLC plates 
(0.25 mm). The silica gel G plates were developed in ethyl acetate- 
methanol-ammonium hydroxide (81:15:4) and sprayed with diazotized 
p-nitroaniline followed by concentrated hydrochloric acid. The Rf values 
were: I, 0.58 (blue); 11,0.47 (red); 111,0.40 (yellow); IV, 0.91 (yellow green); 
V, 0.15 (blue); and VI, 0.27 (blue). The aluminum oxide plates were de- 
veloped in 2.5% methanol-chloroform and sprayed with diazotized p- 
nitroaniline followed by concentrated hydrochloric acid. The Rf values 
were: I, 0.80 (blue); II,0.18 (red); 111,0.46 (yellow); IV, 0.98 (green black); 
V, 0.08 (blue); and VI, 0.24 (blue). 


HPLC Analysis-All quantitative analyses of the culture extracts 
were accomplished using HPLC System A. The mobile phase for this 
system was prepared using 3.3 g of dibasic potassium phosphate, 4.2 g 
of monobasic potassium phosphate, 0.88 ml of acetic acid, 1.2 liters of 
water, and 2.8 liters of methanol. A 4.6 X 250-mm octadecyl bonded phase 
column2 (5-pm particles) and a mobile phase flow rate of 1.0 mllmin were 
used. An HPLC pump3 and a microsyringe-loaded loop injectofi also were 
used. Two UV detectors5 were used in series (254-nrn detector followed 


1 Melting points were determined on a Thomas-Hoover apparatus and are un- 
corrected. IR spectra were run in potassium bromide or chloroform using a Per- 
kin-Elmer 281b spectrophotometer. The W-NMR spectra (15.03 MHz) were re- 
corded in deuterochloroform on a JEOL-FX6O FT NMR spectrometer with tet- 
ramethylsilane as the internal standard. Iminodibenzyl was obtained from Aldrich 
Chemical Co. and was purified by crystallization from methanol-water (mp 
105-107°). The melting points of the authentic samples received were determined 
and were: 11-HCl, 186-188°; 111, W E 0 ;  IV, 77-79'; and VI-HCI, 212-213'. 


Partisil PXS 5/25 ODS column, Whatman, Clifton, N.J. 
Model M-6000, Waters Associates, Milford, Mass. 
Model U6-K, Waters Associates, Milford, Mass. 
Model 440, Waters Associates, Milford, Mass. 


by 280-nm detector) and were calibrated using a morphine reference 
standard (18). 


The HPLC retention indexes were made using System A, and the 
method was essentially the same as that reported previously (14,15). The 
retention index scale was based on the relative retention of a series of 
2-keto alkanes6 (C3tC23). The retention index of a given 2-keto alkane 
standard was, by definition, equal to 100 times the number of carbons 
in the compound. Thus, 2-butanone was assigned a value of 400. The 
HPLC retention index of I and its metabolites was determined by in- 
terpolation of the logarithm of the capacity factors observed for the test 
compound and the standards. 


HPLC System B consisted of a 3.9-mm X 30-cm silica column' with 
10-pm particles. The mobile phase was prepared using methanol, 2 N 
ammonia, and 1 N ammonium nitrate (27:21); the flow rate was 1.0 
mllmin. 


The quantitative analyses of the microbial culture extracts were ac- 
complished using HPLC System A. The chloroform extracts from the 
screening-scale fermentation studies were evaporated and then redis- 
solved in 400 pl of methanol. Then 4 pl of the solution was chromato- 
graphed, and the peak heights were compared to those of a mixture of 
the standards to calculate the amount of metabolites present. The 
identity of each metabolite peak was verified by a comparison of the 
observed A2wIAm value to that of the standards and by analysis of the 
extracts using HPLC System B. 


Preparative-Scale Metabolism of Imipramine (I) Using C. 
blakesleeana (ATCC 8688a)-C. blakesleeana was grown in 5 liters 
of culture medium contained in a 7.5-liter fermentor jars. After a 48-hr 
incubation, I.HCl(1 gin 10 ml of dimethylformamide) was added to the 
culture. The incubation (stir rate of 200 rpm, air flow of 2 litedmin, room 
temperature) was continued for 20 days (no imipramine by TLC). The 
culture was filtered (buchner funnel), and the culture broth was adjusted 
to pH 7-8 and extracted with chloroform (4 X 800 ml). The combined 
chloroform layers were dried (sodium sulfate) and evaporated (40') to 
leave 992 mg of residue. This residue was redissolved in 10 ml of chloro- 
form and extracted thoroughly with 1% HCI (3 X 10 ml). 


The combined aqueous acid extracts were adjusted to pH 8 with am- 
monia and extracted with chloroform (3 X 15 ml). The evaporated solu- 
tion gave 591 mg of residue, which was chromatographed over silica gel 
(59 g, benzene-methanol-triethylamine, 931:6) and gave Fraction A 
(127 mg, pure I11 by TLC) and Fraction B (196 mg, pure I1 by TLC). It 
was found in later experiments that I1 and I11 could be separated more 
conveniently on aluminaQ using 2% methanol in chloroform. 


Fraction B was crystallized from ether to give I1 as nearly colorless 
chunks (88 mg), mp 133-134' [lit. (23) mp 134-135'); mass spectrum: 
M+ at m h  296.1901 (C19H~N20 requires 296.1902). The 13C-NMR data 
are given in Table 11. Direct comparison of I1 with an authentic sample 
of 2-hydroxyimipramine (regenerated from the hydrochloride salt) 
showed the two samples to be identical (melting point, mixed melting 
point, superimposable IR spectra, TLC, and co-TLC). 


Fraction A was purified further by chromatography over 122 g of alu- 
minag with 1% methanol-chloroform as the eluent. A total of 30 mg of 
crystalline residue (111) (mp 84-86') was obtained, [a]g t3.3' (c, 0.7 in 
chloroform); mass spectrum: M+ a t  m/z 296. The 13C-NMR data are 
given in Table 11. Direct comparison of I11 with an authentic sample of 
10-hydroxyimipramine (mp 86-88') showed the two samples to be 
identical (TLC and co-TLC on silica and alumina, superimposable IR 
spectra, and identical 13C-NMR spectra). 


Preparative-Scale Metabolism of Imipramine (I) Using F. ox- 
ysporum f. sp. cepae (ATCC 11711)-A total of 1 g of I-HCl was 
subjected to metabolism using F. orysporum f. sp. cepae under the same 
fermentation conditions as described for C. blakesleeana. After 15 days, 
the culture was filtered, and the broth was adjusted to pH 7-8 and ex- 
traded with chloroform (10 X 500 ml). The combined chloroform extracta 
were evaporated to dryness, and the residue (326 mg) was chromato- 
graphed over aluminag (30 g) with benzene as the eluent. The iminodi- 
benzyl (IV) eluted in the first few fractions followed by I(189 mg, iden- 
tified by TLC and HPLC). 


The fractions containing IV were combined (48 mg), and crystallization 
from methanol-water gave 7 mg of IV as needles, mp 106-107' [lit. (19) 
mp 105-107°]. Direct comparison of IV with an authentic sample of im- 
inodibenzyl showed the two samples to be identical (melting point, mixed 
melting point, TLC, co-TLC, and superimposable IR spectra). The 


Analabs Inc., North Haven, Conn. 
p-Porasil, Waters Associates, Milford, Masa. 


Woelm neutral grade I. 
* New Brunswick model FS 307. 
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13C-NMR data for IV are listed in Table 11. 
Preparative-Scale Metabolism of Imipramine Using A. flavipes 


(ATCC 16795)-A. flavipes was grown in 4.0 liters of medium contained 
in 40 500-ml erlenmeyer flasks. After a 24-hr incubation of the Stage I1 
cultures, a total of 800 mg of 1-HCl was distributed evenly among the 
cultures; incubation was continued for 13 days (200 rpm, room temper- 
ature). The cultures were harvested by homogenization of the whole 
culture, followed by filtration (through buchner funnel). The aqueous 
culture filtrate (pH 8) was extracted with 10 500-ml portions of chloro- 
form, and the combined chloroform layers were dried (sodium sulfate) 
and evaporated in uacuo to leave 663 mg of a brown oily residue. 


Preparative TLC of 330 mg of the residue was carried out using silica 
gel G plates (2.0 mm thick, 20 X 20 cm) developetl in ethyl acetate- 
methanol-ammonium hydroxide (81:15:4). The major band, corre- 
sponding to the N-oxide, was located by UV light and scraped off, and 
the silica gel was extracted exhaustively with 10% methanol-chloroform. 
Evaporation of the solvent afforded 112 mg of crude V, which was crys- 
tallized from benzene-hexane as white needles, mp 76-78O [lit. (24) mp 
75-79OI. Direct comparison of V with an authentic sample of imipra- 
mine-N-oxide showed the two samples to be identical (melting point, 
mixed melting point, TLC, co-TLC, and superimposable IR spectra). 


Preparative-Scale Metabolism of Imipramine (I) Using M. gri- 
seo-cyanus (ATCC 1207a)-A total of 1 g of I-HCl was fed to M. gri- 
seo-cyanus as described for C. blakesleeana and worked up as described 
for F. orysporum. The chloroform residue (664 mg) was chromato- 
graphed over aluminas (90 g) using chloroform followed by an increasing 
percentage of methanol in chloroform. A total of 496 mg of I and 45 mg 
of I11 was obtained with chloroform as the eluent (identities established 
by TLC and HPLC). Elution with 1% methanol-chloroform gave 30 mg 
of V (TLC and HPLC); 2% methanol-chloroform gave 49 mg of VI, which 
was converted to the hydrochloride salt (acidic ether) and crystallized 
from acetone as needles (10 mg), mp 211-212O [lit. (24) mp 206-208” and 
214-218’1. Direct comparison of VI-HC1 with an authentic sample of 
desipramine hydrochloride showed the two samples to be identical 
(melting point, mixed melting point, TLC, co-TLC, and superimposable 
IR spectra). The W-NMR data for VI are listed in Table 11. 
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Abstract 0 A number of microorganisms were screened for their ability 
to metabolize phencyclidine. Two microorganisms, Beauveria sulfur- 
escens and Cunninghamella echinulata, produced hydroxylated me- 
tabolites, which were identified as 1-( l-phenylcyclohexyl)-4-hydroxy- 
piperidine and 4-phenyl-4-piperidinocyclohexanol by high-pressure 


liquid chromatographic analysis. 


Keyphrases Phencyclidine-microbial metabolism, identification 
of metabolites Metabolites, microbial-phencyclidine, identification 


Microbial metabolites-phencyclidine, identification of metabolites 


Phencyclidine (I) is a commonly abused drug whose 
metabolism has received limited attention in mammals. 
Ober et al. (1) conducted a study of the metabolism of I in 
rhesus monkeys and reported some unchanged I but larger 
amounts of metabolites. The major metabolite present in 


the urine was identified as a nonphenolic dihydroxy- 
phencyclidine. Specific structures were not proposed, but 
a later report (2) gave structures for those metabolites, 
although details were not provided. Glazko (2) also re- 
ported considerable species variation of these metabolites, 
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Abstract The bioavailabilities of eight quinidine sulfate, two gluco- 
nate, and one polygalacturonate formulations were compared, with one 
of the sulfate formulations as a reference (R) in a panel of 24 volunteers, 
according to a design comprising duplicate 6 X 6 Latin squares in two 
subject groups. Only one gluconate formulation (H) gave a significantly 
lower ( p  < 0.05) area under the curve from 0 to 30 hr (AUC”), 90% of R, 
which was not as significant as AUC” (94% of R). Formulation H also 
gave a significantly lower peak concentration (C,,,) and a longer time 
to peak concentration (t,,,) and generally exhibited some characteristics 
of a sustained-release product. In addition, one product (F) gave a sig- 
nificantly higher C,,, while another formulation (D) gave a longer t,,,. 
The wide range of dissolution times obtained with these products with 
three test conditions was not reflected in the AUC, C,,., or t,,, values 
obtained, except that Formulation H was consistently the slowest to 
dissolve. The terminal rate constants, expressed as tllz, of the 24 subjects 
gave an overall mean of 7.49 f 0.77 hr and ranged from 6.24 f 0.28 to 9.49 
f 0.90 hr in individuals. The estimated total body clearance, with the 
assumption that the oral bioavailability was 70%, gave an overall mean 
of 4.22 f 1.05 and ranged from 2.49 f 0.28 to 6.42 f 0.70 ml/min/kg in 
individuals, demonstrating the wide range of quinidine disposition even 
in healthy subjects; this finding is in agreement with recently published 
results. 


Keyphrases Quinidine-bioavaifability and pharmncokinetic vari- 
ations of various quinidine formulations studied in humans Bio- 
availability-quinidine formulations evaluated for variations in drug 
content, dissolution, absorption, and clearance characteristics in 
humans Pharmacokinetics-quinidine formulations, evaluation for 
variations in bioavailability, humans 


The cinchona alkaloid, quinidine, is an important 
antiarrhythmic agent, which has been limited in use for 
maintenance therapy because of difficulties in defining the 
appropriate dosage schedule for the individual patient (1). 
Erratic patient response and marked variations in serum 
quinidine concentrations, in subjects to whom equivalent 
doses were administered, were observed by many investi- 
gators (2). While some variations are attributable to the 
disease ( 3 4 ,  some contribution from bioavailability dif- 
ferences was suspected (2). However, few studies have 
tested this supposition. Other criteria suggesting that 
quinidine is a prime candidate for bioavailability studies 
were also reported (2). 


One crossover study (6) noted that, while there was no 
significant difference in bioavailability between solution, 
capsule, and tablet formulations of quinidine sulfate, their 
bioavailabilities were all significantly lower than the bio- 
availability of an intramuscular injection of quinidine 
gluconate. 


An oral solution of quinidine gluconate gave -70% of the 
area under the curve (AUC) of an intravenous solution, 
with the loss attributed to a first-pass effect (7). Another 
study (8) compared an intramuscular lactate salt formu- 
lation and oral sulfate and gluconate formulations with an 
intravenous dose of lactate. The intramuscular route gave 
-87%, the oral sulfate gave --80%, and the oral gluconate 


gave 66% of the AUC obtained for the intravenous lactate. 
Guentert et al. (9) also compared intravenous quinidine 
gluconate and an oral quinidine sulfate solution and found 
a mean oral bioavailability of 70%. 


The bioavailability of chemically equivalent brands of 
quinidine sulfate tablets was compared; while no signifi- 
cant bioavailability differences were found, there were 
significant differences among brands in some rate pa- 
rameters (10). These rate parameters were correlated with 
disintegration and dissolution (11) parameters. 


The present study compares the bioavailabilities of 
available Canadian oral dose forms of quinidine having 
similar dosage recommendations and relates the in uiuo 
results with dissolution properties. 


EXPERIMENTAL 


Drugs-Commercial production lots consisting of eight tablet for- 
mulations of quinidine sulfate, two of quinidine gluconate, and one of 
quinidine polygalacturonate were obtained directly from the manufac- 
turers. The label claim of the sulfate was 200 mg (equivalent to 165 mg 
of anhydrous base), that of the gluconate was 325 mg (equivalent to 203 
mg of base), and that of the polygalacturonate was 275 mg (equivalent 
to 166 mg of base). 
In Vitro Tests-Samples were tested for identity and drug content 


by the USP procedure (12). Dissolution characteristics were determined 
by the USP procedure (13), by a modification of that procedure in which 
distilled water was used as the dissolution fluid, and by the paddle flask 
procedure of Poole (14) with 900 ml of glycine buffer, pH 4.0, stirred at 
50 rpm. 


Human Study Protocol-Twenty-four healthy volunteers (24-60 
years old, 50.8-88.5 kg) were admitted to the study. The pretrial medical 
assessment included a full history and attention to cardiovascular, renal, 
hepatic, and GI conditions. Complete blood counts, urinalysis, and liver 
function tests were assessed before and between administrations. ECGs 
were assessed before and for 4 hr following a 100-mg test d w  of quinidine 
sulfate before admission to the trial. 


Volunteers with a history of sensitivity to any drug or who had suffered 
from allergy or allergic response were excluded. 


The subjects were required to avoid all drugs for 3 weeks preceding and 
until 4 days after the study, to inform the physician of any emergency 
drug use required, and to report any adverse effects. Subjects were also 
asked to abstain from any alcoholic beverage from 24 hr before to 3 days 
after study completion and to fast from 10 hr before (overnight) to 4 hr 
after each administration. Written informed consent was obtained. 


The subjects were randomly assigned into two groups (Table I). In the 
first study, the 12 subjects were administered six quinidine sulfate for- 
mulations (A-E and the innovator reference R-1) according to two rep- 
licate balanced 6 X 6 Latin squares. The second study was similar, with 
the treatments being three quinidine sulfate formulations (F, G, and the 
innovator R-2), two quinidine gluconate formulations (H and K), and 
a polygalacturonate (J). The innovator reference tablets (R-1 and R-2) 
were taken from the same bottle. 


Each overnight-fasted volunteer received a single dose of a different 
quinidine formulation (165-203 mg of equivalent base) given with 50 ml 
of water early on each investigational day. No food or drink was taken 
for 4 hr postadministration with the exception of 150 ml of carbonated 
noncaffeine-containing beverage 1.5 hr after dosing. There was a 2-week 
interval between treatments. Blood samples (10 ml) were drawn by 
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Table I-Mean of the Terminal Half-Lives8 and  Mean ADDarent Total Body Clearance * Values fo r  All Subiects 


Group I 
Subject 1 2 3 4 5 6c 7 8 9 10 11 12 


Age, years 24 27 25 37 36 60 34 35 27 28. 28 37 
Weight, kg 79.5 71.7 77.2 73.5 84.0 71.7 88.5 70.4 88.5 69.0 68.1 70.4 


t ma, hr 7.50 7.34 6.66 7.57 7.08 8.09 8.54 7.46 7.19 7.10 6.69 7.60 
RSD, % 14.77 1.30 3.72 11.59 2.70 8.44 10.78 11.66 5.69 5.08 9.52 10.46 
CZ d ,  ml/min 392.7 331.3 366.7 350.6 679.6 455.3 566.4 249.9 449.6 440.2 571.4 433.7 
CZwtb,ml/min/kg 4.94 4.62 4.75 4.77 8.09 6.35 6.40 3.55 5.08 6.38 8.39 6.16 
RSD, % 11.59 16.04 12.49 11.80 9.44 12.12 14.89 11.24 6.54 10.34 7.70 8.82 
Cl,o,,e,ml/min/kg 3.46 3.23 3.33 3.40 5.66 4.45 4.48 2.49 3.56 4.47 5.87 4.31 


Sulject 13 14 15 16 17 18c 19 20 21 22 23c 24 
Weieht. ke 79.5 77.2 84.0 81.7 77.2 50.8 17.2 68.1 68.1 86.3 51.7 11.2 


Grou IIf 


.. . ._ ~ _ _  ~ _ _  - " , "  
Age, years 32 34 29 25 28 30 29 - 39 31 39 41 44 - 
t ma, hr 7.11 6.76 8.60 8.66 7.79 7.06 9.49 7.14 6.67 8.27 6.24 7.23 
RSD, % 5.79 10.25 9.91 5.30 10.32 9.12 9.46 15.43 7.78 11.29 4.49 2.77 
C l d ,  ml/min 442.8 433.9 572.0 344.0 549.7 308.9 426.9 597.9 468.5 441.0 526.8 321.2 
Clhtb,ml/min/kg 5.57 5.62 6.81 4.21 7.12 6.08 5.53 8.78 6.88 5.11 9.13 4.16 
RSD, % 10.02 19'58 9.82 8.24 9.26 21.71 7.82 7.21 8.73 14.18 11.00 3.34 
CZ,,,,", ml/min/kg 3.90 3.93 4.77 2.95 4.98 4.26 3.87 6.15 4.82 3.58 6.39 2.91 


Calculated from 0.693/@, where j3 = slope of 7-30 hr. b Apparent total body clearance = Cl/body weight. Female subject. Apparent clearance, which is dose/AUCm. 
Corrected apparent total body clearance = 0.7 X Clwt, where 0.7 is a correction factor for oral to intravenous (see Ref. 19). f Formulation H data were omitted. 


venipuncture at 0,0.5,1, 2, 3,5, 7,24,26,28, and 30 hr following each 
administration. Plasma, separated within 2 hr, was stored a t  -18' until 
it was assayed. 


Plasma Assay-Aliquots (1 ml) of plasma were assayed in duplicate 
for each time point by the double-extraction fluorescence technique of 
Armand and Badinand (15) using a suitable spectrofluorometerl. Selected 
samples were also assayed by a GLC procedure (16) and a novel high- 
performance liquid chromatographic (HPLC) procedure (17). 


Data Analyses-For the statistical treatment, six variables were ex- 
amined: ( a )  the area under the plasma concentration curve from 0 to 30 
hr (AUC30), in which values for each individual treatment were deter- 
mined using the linear trapezoidal method; (6) the area under the plasma 
concentration curve extrapolated from zero to infinity (AUC") calculated 
for each individual treatment using: 


1 ~ - 7 8  
A U C " = A 7 C p d t + -  P (Eq. 1) 


where C p  is the observed plasma concentration, sa C p  dt is determined 
using the trapezoidal rule, I is the C p  intercept using the linear least- 
squares regression of In C p  uersus time over 7-30 hr, and /3 is the negative 
slope of the same regression line; (c) Pas defined in (6); ( d )  the maximum 
observed concentration (CmaX) for each individual profile; ( e )  the time 
to C,,, (tmax); and ( f )  the apparent total body clearance (Ctt,,t), which 
was calculated by: 


apparent clearance - dose - (Eq. 2) body weight AUC"O X body weight C L t  = 


In each study, the analysis of variance was conducted on the loga- 
rithmic transform of the raw data for the variables AUC:'O, AUC", and 
C,,, and on the raw data for the remaining variables. The subject effect, 
period effect, and formulation effect were taken into account in each 
analysis. Comparisons between the means of the tested and reference 
formulations for each variable were also made with the least-significant 
difference test, which is basically a Student t test using the pooled error 
variance of the analysis of variance. For comparison of p and Cltut be- 
tween subjects, however, paired t tests were applied. 


Absorption rate estimates were obtained by the Wagner-Nelson (18) 
treatment of the mean plasma concentration values for the formulations. 
Corrected apparent total body clearance estimates (CZcorJ were adjusted 
by multiplying by a factor of 0.7 from Clbt for the difference between oral 
and intravenous doses (19). 


RESULTS AND DISCUSSION 


The in vitro results are presented in Table 11. The drug content ranged 
from 97.7 to 104.9% and was within limits. The gluconate products pre- 
sented a 20% larger dose. An assay (20) also was applied to determine the 
amounts of dihydroquinidine in each formulation; a maximum of 6% was 
found, well below the 20% USP limit. Only one sulfate formulation (R, 
the innovator) failed the USP dissolution test, which requires that 90% 


Spectrophotofluorometer model SPF 125 (American Instrument Co., Silver 
Spring, MD 20910). The excitation and emission wavelengths were 361 and 448 nm, 
respectively, with a slit width of 2 mm for both. 


be dissolved in 30 min (introduced shortly after the study was initiated). 
One gluconate formulation (H) was outside this limit, which is not official 
for this salt. Results with the other dissolution tests gave variable results 
for the different formulations. However, only the gluconate Formulation 
H gave consistently long dissolution times. 


Spectrofluorometric procedures for quinidine analysis in plasma re- 
cently were criticized for lack of specificity (19,21). However, in single- 
dose studies, the major interfering 3-hydroxy metabolite present with 
chronic dosing was not detected in the plasma (21). Although the Ar- 
mand-Badinand (15) procedure may also extract a portion of the recently 
described N-oxide metabolite present in single-dose samples (19), pre- 
viously reported comparisons (17) of' values from the Armand-Badinand 
procedure with those obtained with a specific HPLC procedure indicated 
general agreement. While there was some divergence (up to 15%) in the 
later 24-30-hr samples, with HPLC values being lower, the area under 
the curve values were not affected markedly, although some phar- 
macokinetic estimates could be (9, 19). The previously reported com- 
parison of results from the Armand-Badinand determination with those 
from a GLC procedure (22) tended to support this lack of interference 
in single.dose bioavailability studies. In that study, some steady-state 
samples from patients had up to 30% greater values by fluorometric 
analysis than by GLC analysis, while single-dose data were in excellent 
agreement. 


Agreement was obtained between GLC and spectrofluorometric pro- 
cedures in a limited comparison with plasma samples from patients 
maintained on quinidine (23). A reasonable correlation ( r2  = 0.92) was 
obtained in a similar comparison using more samples, although the data 
indicated that the fluorescent procedure gave higher values for most 
samples (24). Comparisons of HPLC and fluorescent procedures were 
described for samples from patients maintained on quinidine (25-27), 
with reasonable agreement being reported. However, some of these 
chromatographic procedures, as with fluorescent procedures, may not 
separate quinidine metabolites (19, 21). The spectrofluorometric method 
does not differentiate quinidine from the cardioactive congener dihy- 
droquinidine. However, since this impurity was present in amounts av- 
eraging <5% in formulations and the difference of randomly selected 
AUC values generated by the fluorometric and specific HPLC procedures 
was of that  order (17), the bioavailability assessment was not affected. 


The mean plasma level results, by formulation, are given in Table 111 
with no correction for the actual dose administered. The peak levels of 
4 . 5  pg/ml occurred a t  2-3 hr with all formulations except the gluconate 
(H). The dose correction was applied in Table IV, which lists the average 
AUC30 and AUC" values by formulation, and in Table V, in which the 
average peak concentration and time to peak are presented with estimates 
of the mean absorption rate parameters. In Group I, there were no sig- 
nificant differences between formulations in either the AUC"O compar- 
ison (ranging from 98.1 to 107.2% of R) or C,,,. Formulation D had a 
significantly longer tmax than R (Table V). The overall relative standard 
deviation of 11.2% for was reasonable for this size of experiment 
and could detect a difference of 10%. In this group, the A UC results were 
equivalent to those of AUC30. 


In Group 11, Formulation H had a significantly lower AUC"O (Table 
IV, go%), a lower C,,, (Table V, 72.2%), and a longer tmax (Table V, 2.5 
hr) than R. The AUC" a t  94% was not significantly lower, The only other 
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Table 11-Drug Content and Dissolution Data of Quinidine Formulations 
~ ~~ ~~ ~~ ~ 


Dissolution 
Dose as USP XIXb 


Label Assay, Quinidine Percent a t  Zmmin - USP Ic, Paddle Flaskd, 
Formulation Salta Strength,mg % Base, mg 30 min f RSD f RSD tm min f RSD t m  min f RSD 
R(l + 2) Sulfate 
A Sulfate 
B Sulfate 
C Sulfate 
D Sulfate 


200 101.0 166.9 87 & 10 15 f 16 38 f 19 14 f 15 
200 100.7 166.4 95 f 3 13 & 12 89 f 9 42 f 41 
200 99.3 164.0 101 f 4 12 f 17 63 f 32 55 f 28 
200 99.1 163.7 106 f 4 3 f 4  8 f 129 3.6 f 13 
200 104.9 173.3 101 f 4 7.3 f 33 19 f 5 24 f 37 


E Sulfate 200 97.7 161.4 103 f 4 3.6 f 34 4.3 f 16 4.2 f 8 
F Sulfate 200 99.7 164.7 103 f 3 10 f 6 16 f 6 19 f 24 
G Sulfate 200 101.1 167.0 103 f 4 3 f 6  4.8 f 28 10 f 82 


Gluconate 325 100.0 202.5 28 f 1 127 f 3 47e f 4 280 f 4 
J Polygalacturonate 275 104.8 168.0 - - 8.51 f 10 16 f 61 
H 


18 f 15 K Gluconate 325 101.1 204.7 98 f 1 10 f 22 14 f 7 
Quinidine sulfate, gluconate, and polygalacturonate contain the e uivalent of 82.6,62.3, and 60.4% anh drous quinidine, respective$. * The USP XIX 4th Supplement 


procedure requires apparatus I with 0.1 N HCl as the medium. Thelimit is >90% in 30 min. The time, &, for 60% is also iven. C U P apparatus I rotated at 100 rpm 
with distilled water. Not USP apparatus (see text); pH 4.0 glycine buffer used aa dissolution medium. Percent dissolveiin 120 min. f Percent dissolved in 60 min. 


significant difference was a Cmax of 117.6% for the sulfate formulation 
(F) (Table V). Again, the overall variation (RSD = 12.5%) for AUCSo was 
reasonable for the size of the experiment. The range of mean profiles is 
illustrated in Fig. 1. 


The different methods of calculation of AUC30 (linear trapezoidal) 
and AUC” (linear, 0-7 hr; exponential, 7 hr to infinity) do not contribute 
to large differences in the estimate of the means (Table IV). The potential 
for differences between the “linear” and “exponential” trapezoidal cal- 
culation was discussed previously (28), and Guentert et al. (9) applied 


0.61 


O . 7  
I I I I I I I 
0 5 10 15 20 25 30 


HOURS 


Figure 1-Mean plasma quinidine concentrations for Formulations 
F (0) and H (@) corrected for dose. 


an appropriate correction to quinidine data. The mean AUCSo, adjusted 
for 330 mg of base for comparison with that of Guentert et 01. (9), was 
13.00 (pg hr)/ml for Croup I and 12.44 (Mg hr)/ml for Group 11. These 
values were less than thcwe of Greenblatt et al. (8) and other studies which 
used less specific procedures and were similar to the means 112.7 (pg 
hr)/ml] of those single-dose studies considered by Guentert et al. (19,211 
to have used specific procedures for measurement of plasma quinidine. 
The different methods in the ACJC calculation resulted in different 
findings for the AlJC comparison of Formulations H and R. Product H 
had a late peak (Tables I11 and V and Fig. l), which contributed to slight 
differences in the estimates with the two methods. Thus, the AUCm ratio 
estimate for H to R had a significantly ( p  < 0.05) lower value of 90%, 
whereas the AUC” ratio estimate was 94% and was not significant. 


From these comparisons (Tables IV and V), the quinidine sulfate 
formulations, A-G and R, were acceptable and interchangeable with the 
polygalacturonate (J) and gluconate (K) formulations. 
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Figure 2-Mean plasma quinidine concentrations for formulations (n 
= 6) taken by Subject 5, showing a high clearance (a), and Subject 8, 
showing a low clearance (0). The insert is a log plasma profile illus- 
trating the similarity of half-lives. 
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Table 111-Average Plasma Quinidine Concentrations by Formulation, Uncorrected for Quinidine Content 


Sample Time, hr 
Formulation 0.5 1.0 2.0 3.0 5.0 7.0 24 26 28 30 


Group I 
R-1 0.190 0.51 0.56 0.51 0.43 0.34 0.07 


(104.0)4 (51.8) (26.9) (25.3) (33.8) (36.0) (36.7) 
A 0.16 0.46 0.59 0.60 0.47 0.35 0.06 


(56.6) (33.9) (34.4) (47.4) (37.7) (37.2) (31.8) 
B 0.19 0.49 0.61 0.53 0.45 0.36 0.07 


(68.1) (25.5) (38.0) (25.9) (35.8) (34.1) (32.3) 
C 0.17 0.45 0.52 0.52 0.45 0.34 0.06 


(73.8) (41.0) (31.8) (35.0) (31.9) (34.7) (39.1) 
D 0.07 0.36 0.52 0.58 0.45 0.37 0.07 


(110.6) (50.0) (33.6) (31.8) (28.2) (30.5) (35.6) 
E 0.17 0.39 0.52 0.48 0.41 0.31 0.07 


(83.8) (34.7) (23.3) (25.2) (27.4) (29.2) (45.7) 


R-2 0.18 0.36 0.48 0.48 0.38 0.32 0.06 
(94.7) (49.9) (21.8) (22.7) (26.9) (27.3) (32.4) 


F 0.16 0.48 0.54 0.58 0.45 0.34 0.06 
(82.6) (49.4) (29.5) (35.0) (38.4) (31.8) (34.2) 


G 0.35 0.52 0.53 0.51 0.39 0.32 0.06 
(69.1) (49.8) (16.5) (28.6) (26.0) (31.5) (34.7) 


H 0.08 0.20 0.31 0.35 0.47 0.39 0.09 
(98.1) (50.2) (27.9) (29.6) (29.2) (29.6) (30.6) 


J 0.19 0.42 0.53 0.54 0.43 0.34 0.07 
(73.0) (41.7) (27.1) (34.3) (33.9) (28.81 (36.4) 


K 0.15 0.52 0.66 0.62 0.51 0.40 0.07 
(82.9) (49.5) (25.0) (30.5) (28.1) (26.2) (31.6) 


Group I1 


Level in micrograms per milliliter. Relative standard deviation (RSD) expressed in percent is in parentheses. 


0.06 
(37.8) 


0.06 
(32.5) 


0.06 
(32.3) 


0.05 
(32.7) 


0.06 
(39.6) 


0.06 
(46.3) 


0.05 
(37.5) 


0.06 
(38.5) 


0.05 
(36.9) 


0.08 
(34.4) 


0.06 
(38.8) 


0.07 
(36.6) 


0.05 
(37.2) 


0.05 
(32.8) 


0.05 
(29.5) 


0.04 
(33.2) 


0.06 
(46.3) 


0.05 
(45.0) 


0.05 
(38.6) 


0.05 
(38.6) 


0.05 
(35.5) 


0.07 
(27.2) 


0.06 
(43.4) 


0.06 
(37.0) 


0.04 
(44.9) 


0.04 
(33.7) 


0.04 
(30.0) 


0.04 
32.2) 
0.04 


(41.1) 
0.04 


(39.6) 


0.04 
(36.0) 


0.04 
(42.1) 


0.04 
(40.1) 


0.06 
(28.6) 


0.05 
(48.6) 


0.05 
(35.4) 


Formulation H, which had different absorption characteristics, also 
was studied by Greenblatt et al. (8) and Ochs et al. (29). In comparison 
with intravenous quinidine, tablet doses of a sulfate formulation and 
Formulation H gave AUC:" ratios of 81 and 71%, respectively; i.e., H was 
88% of the oral sulfate formulation and significantly lower (a), which is 
in excellent agreement with the 90-94% of the present study. Covinsky 
et al. (30) found that this gluconate gave 95% of the AUC of a sulfate 
reference (not significant) with a 5% CmaX value. In a chronic dose study, 
Ochs et al. (29) found that this 10% difference in serum or plasma levels 
(H was lower than sulfate) was maintained. Both studies (8,291 also noted 
that variability with this formulation was greater than with the oral 
sulfate. In the current study, although the AUC"O of Formulation H was 
-10% lower than that of the sulfate, the intersubject variations in AUCW 
for Formulation H (RSD = 27.4%) were no larger than those for other 
Group I1 formulations, which ranged from 22 to 30%. 


The absorption half-lives ( t l / ~ , ~ l , J  and the estimated time for 50% to 
be absorbed (A50) were calculated from the formulation mean plasma 
concentration uersus time data with the Wagner-Nelson procedure (18). 
Although this procedure assumes a one-compartment model [which often 
is not appropriate for quinidine (9)] since intravenous data were not 
available for more complex modeling, it allows some estimate of the rel- 
ative absorption rate of the formulations. 


These absorption parameters (Table V) were useful for comparison 
with the dissolution times in Table 11. However, since there were few 
differences between formulations in the in uiuo results, only limited in- 
formation can be derived. Formulation D, which had a longer tmnX than 
R, had shorter dissolution times than R in two tests. Formulation F, which 
had a high C,, (118% of R) and apparently a more rapid absorption rate, 
had a faster dissolution than R in water but not in pH 4 glycine buffer. 
However, other formulations, such as C and G, gave shorter times than 
both F and R in those systems with no in uiuo difference. The only con- 
sistent finding was the slow dissolution of Formulation H in all systems. 
Indeed, although H had dosage recommendations that were similar to 
the other formulations, it was designed as a slow-release product. 


Since all Croup I products were similar and only Formulation H in 
Group I1 was significantly different, it was possible to examine the inter- 
and intrasubject variations in some pharmacokinetic parameters. In 
Group 11, with Formulation H, the estimated half-life tended to be longer 
and the clearance estimate higher, because of the significantly lower 
AUC"O. Therefore, subject comparisons were made without this formu- 
lation. Presumably, the terminal slope ( p )  from 7 to 30 hr is distorted by 
the extended absorption from this formulation (Table V). 


Since several studies indicated that the pharmacokinetics of intrave- 
nous quinidine require fitting with different models in different subjects 


Table IV-Average Values (Geometric Means) of Bioavailability Parameters of Quinidine Formulations (Corrected per Dose) * 


AUC30 4, Relative AUCm, Relative 
Group Formulation (pg h r h l  AUCm, % 95% CIC AUC" b, (pg hr)/ml AUC", % 


I R-1 6.40 100 6.58 100 
A 6.63 103.6 (94.5,113.5) 6.82 103.7 
B 6.86 107.2 (97.8,117.5) 7.01 106.5 
C 6.49 101.4 (92.5,lll.l) 6.55 99.5 
D 6.47 101.1 (92.3,llO.a) 6.66 101.2 
E 6.28 98.1 (895,107.5) 6.43 97.7 
RSDd 11.2% 
R-2 6.00 100 6.09 100 
F 6.60 109.9 (99.2,121.8) 6.80 111.7 
G 6.18 102.9 (92.9,114.0) 6.29 103.3 
H 5.40 90.0e (81.2,99.7) 5.73 94.0 


K 6.24 104.0 (93.8,115.2) 6.27 103.0 
RSD 12.5% 


J 6.28 104.6 (94.4,115.9) 6.47 106.2 


Corrected for equivalent weight of the salt by label claim and drug content in Table II. Area under plasma concentration-time curve from 0 to 30 hr (ALICY) calculated 
Overall relative standard by linear tra zoidal, and area under plasma concentration-time curve from 0 to m (ALIC-) as given in text. c The 96% confidence interval. 


deviation. k&nificantly different than R 0, < 0.05). 
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Table V-Means of Parameters Reflecting Absorotion Rate 


Formulation C,,", hr C,," Ratio, % trnax", hr t 112,~bs b ,  hr A&, hr 


R-1 
A 
B 
C 
D 
E 
R-2 
F 


0.57 
0.61 
0.59 
0.60 
0.56 
0.53 
0.51 
0.60 


100 
106.1 
103.6 
105.3 
97.2 
92.2 


100 
117.6d 


2.00 
2.25 
1.96 
2.50 
2.75d ~. . . 


2.00 
2.33 
1.92 


0.32 
0.42 
0.36 
0.40 
0.65 
0.42 
0.60 
0.32 


0.65 
0.75 
0.72 
0.72 
1.00 - 
0.75 
0.77 
0.70 


G 0.56 108.6 1.72 0.34 0.42 
H 0.37 72.2d 4.75d 1.50 1.75 
J 0.51 100.2 2.00 0.45 0.68 
K 0.55 107.2 2.08 0.38 0.75 


0 See text for symbols. b Wagner-Nelson estimate from mean plasma concentration by formulation absorption half-life. As in footnote b; graphical estimate of time 
for 50% to be absorbed (Am). which includes any lag time. Significantly different than R ( p  < 0.05). 


(8, 9) and often give poor prediction of steady-state levels (9, 31, 32), 
fitting of the oral curves and derivation of meaningful individual ab- 
sorption rates (e.g., two- and three-compartment fitting) could not be 
accomplished. Some data (Fig. 2) appeared to be fitted by one com- 
partment (e.g., Subject 8), while some (e.g., Subject 5) obviously required 
two-compartment fitting. The terminal half-lives were calculated for each 
subject from the 7-30-hr data points (Table I) and ranged from 6.66 f 
0.24 (SD) to 8.54 f 0.92 hr in Group I with a mean of 7.42 hr and from 6.24 
f 0.28 to 9.49 f 0.90 hr in Group I1 with a mean of 7.49 hr. The extremes 
are illustrated in Fig. 3. The between-subject variation was greater than 
the within-subject variation, and many subjects were significantly dif- 
ferent from each other. The terminal half-lives of Subjects 3 and 4 in 
Group I were significantly shorter ( p  < 0.05) than those of all other 
subjects. In addition, the long terminal half-lives of Subjects 6 and 7 were 
significantly different ( p  < 0.01) from those of the other subjects, and 
the terminal half-life of Subject 7 was significantly different ( p  < 0.05) 
from that of Subject 6. For Group 11, Subject 19 was significantly longer 
( p  < 0.01) than all other subjects. The values obtained were well within 
the extremes reported by Mason et al. (6) (1.16-15.75 hr) and within the 
range of mean values reported elsewhere (7-10). 


0.4// 0 


0.2-1 I 
II - 


E . 
? 


a. 0.04 


0.02 I\ 


I I I 1 I I 


HOURS 
0 5 10 15 20 25 30 0.01 


Figure 3-Mean plasma quinidine concentrations f S D  of the uolun- 
teers with the shortest (Subject 23, 0)  and the longest (Subject 19, 0) 
terminal half-lioes (n = 5). 


The apparent total body clearance of quinidine in this study ranged 
from 3.55 f 0.40 to 8.39 f 0.65 ml/kg/min in Group I and from 4.16 f 0.14 
to  9.13 f 1.00 ml/min/kg in Group I1 with means of 5.79 f 1.44 and 6.25 
f 1.58 ml/min/kg, respectively. As expected, the intersubject variation 
of -25% (RSD) was much greater than the intrasubject variation of 10% 
or less. Many subjects were significantly different when compared. For 
Group I, Subject 8 was significantly lower ( p  < 0.05) than all other 
suhjects; Subjects 5 and 11, with high apparent total body clearance 
values, were significantly greater ( p  < 0.01) than the other subjects. The 
apparent total body clearance values for Subjects 20 and 23 in Group I1 
were significantly higher ( p  < 0.01) than those of all other subjects. 


Since the oral absorption of quinidine was shown (7-9) to be only 
70-80% of intravenous absorption, the estimated corrected total body 
clearance (elcorr) is also given for comparison with the literature, using 
the factor of 0.7 as was suggested by Guentert et al. (19) to be the most 
accurate. The overall mean value for Cl,,,, was 4.22 f 1.05 ( S D )  mi/ 
minhcg, close to that (3.85 f 1.09) of Greenblatt et al. (8) and to that (4.26 
f 1.42) of Fremstad et al. (331, who also used a spectrofluorometric 
procedure which was criticized by Guentert et 01.  (9,19). However, the 
range of CL,,,, values in this present study (Table I) overlapped those of 
Guentert et al. (mean of 4.88 f 1.56) and also agreed with studies re- 
ported by Ueda et al.,  who found means of 4.7 f 1.78 (31), 4.95 f 1.36 (34), 
and 4.02 f 1.94 (5) ml/min/kg in three separate studies. Recently, Drayer 
et al. (35), who used HPLC, found a range of quinidine clearances in 
patients from 3.8 f 3.9 ml/min for a "low metabolizing" group to 9.0 f 
3.6 ml/min for a group with higher levels of the 3-hydroxy metabolite. 
These clearances were calculated with an oral absorption factor of 0.87; 
the values were converted to 3.27 f 3.36 and 7.76 f 3.10, using the 0.7 
factor of Guentert et al. (19) for comparison purposes, rather similar to 
the range of values found in this study in normal subjects (Table I). 


The fluorescence procedure used to estimate plasma quinidine does 
not differentiate dihydroquinidine; however, this limitation is not ex- 
pected to influence the clearance since Ueda et 01.  (5) found similar 
clearance values for this analog (4.17 f 1.81 uersus 4.02 f 1.94 for quin- 
idine) in the same subjects. 


The terminal half-life obviously has some influence on clearance. 
However, recent studies (33, 36) support intersubject differences in 
protein binding capacity, possibly an a-1-acid glycoprotein or lipoprotein, 


0 1  2 3 4 5  6 7  8 
CORRECTED APPARENT TOTAL BODY CLEARANCE, 


ml lminlkg 


Figure 4-Frequency distribution vf mean corrected total body clear- 
ance (Clc,,rr) of quinidine in the 24 subjects 
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as a major influence on clearance and volume of distribution. There was 
no correlation between the half-life and clearance (Table I), as shown in 
Fig. 2, and there were major differences in AUC and minor differences 
in t 112 between subjects. ’ 


Drayer et al. (35), who measured (3S)-3-hydroxyquinidine to quinidine 
ratios in patients, found evidence to suggest a bimodal distribution in 
the hydroxylating efficiency, which related reasonably well with quinidine 
clearance. In the present study of 24 healthy subjects, the frequency 
distribution of clearance (Fig. 4) appeared to be normal. 


In conclusion, the bioavailabilities of eight quinidine sulfate, one 
gluconate, and one polygalacturonate products were found to be similar 
from plasma concentration estimates. The bioavailability of one gluconate 
product was significantly lower (p < 0.05) in one estimate, and its plasma 
concentration showed sustained-release characteristics. There was no 
meaningful correlation between the absorption parameters and disso- 
lution, except that the slow-dissolving gluconate product had the lowest 
AUC and CmaX values and the longest tmex value. The pharmacokinetics 
of quinidine in the 24 subjects in terms of terminal half-life (mean of 7.49 
f 0.76 hr) and total body clearance (mean of 4.22 f 1.05 ml/min/kg) 
showed considerable intersubject variation (RSD = 25%) and less in- 
trasubject variation (RSD = 10%). 
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The reaction was filtered and spin evaporated in U ~ C U O  to give white 
crystals. These crystals were collected, washed with ether, and recrys- 
tallized. 
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Abstract 0 Emetine has long been recognized as a cardiotoxic drug, but 
its mechanism remains unknown. Since many studies reported an effect 
of emetine on cardiac metabolism, permanent damage to the heart could 
result from such treatment. To investigate this action of emetine in 
relation to the cardiotoxicity seen after a therapeutic regimen, New 
Zealand albino rabbits were given 2 mg/kg/day ip of emetine for 9 days. 
Heart and liver mitochondrial metabolism was assessed polarographically 
using pyruvate, pyruvate plus malate, or succinate as the suhstrate. Heart 
mitochondrial metabolism was reduced in emetine-treated rabbits in 
comparison to the normal controls. However, the metabolic activity of 
the pair-fed control group was equally reduced. Only the liver mito- 
chondrial metabolism of the pair-fed control group was reduced in rela- 
tion to the normal controls, while the liver mitochondrial metabolism of 
emetine-treated rabbits remained unchanged. These data indicated that 
the reduction in heart mitochondrial metabolism resulted from the ina- 
nition induced by the chronic emetine treatment and not from a primary 
effect of the drug. 


Keyphrases 0 Emetine-effects of chronic treatment on heart and liver 
mitochondrial metabolism 0 Mitochondrial function-effects of chronic 
emetine treatment 0 Cardiotoxicity-effects of chronic emetine treat- 
ment on mitochondrial function 


Emetine remains important in the treatment of ame- 
biasis. Its role, however, has been reduced to an alternative 
drug choice, primarily because of its numerous side effeds, 
the most serious affecting the cardiovascular system. Many 
studies reported adverse effects of high concentrations of 
emetine on cardiac metabolism (1-4), although the 
mechanism of this cardiotoxicity remains unknown. 


BACKGROUND 


In a series of experiments, rats injected with -2 mg/kg/day of emetine 
for 14-17 days showed a reduction in heart homogenate respiration with 
butyrate, P-hydroxybutyrate, citrate, a-ketoglutarate, malate, pyruvate, 
or lactate as the substrate (5-7). Since no effects were observed on the 
liver homogenate respiration, Appelt and Heim (5-7) concluded that 
emetine appeared to be selectively toxic to the heart. However, they re- 


ported that animals chronically treated with emetine reduced their food 
intake and lost weight. Since pair-fed controls were not included in their 
study, their conclusion must be reevaluated. 


Few studies investigated the action of emetine on mitochondrial me- 
tabolism, but two reports indicated that therapeutic doses of emetine 
may affect heart mitochondria. Brink et al. (8) found a reduction in 
oxygen uptake and [14C]carbon dioxide formation from glucose, pyruvate, 
and palmitate. If these effects are not secondary to the reduced con- 
tractility observed, a reduction in heart mitochondrial metabolism must 
be postulated. Pearce et al. (9) described the mitochondrion as the pri- 
mary structure in the cardiac cell to be affected morphologically in re- 
sponse to therapeutic doses of emetine in dogs. 


Since metabolic changes in the heart could indicate cardiac damage, 
further study of emetine is important in the overall evaluation of the 
cardiotoxicity seen clinically. Thus, heart mitochondrial metabolism was 
assessed in rabbits treated with therapeutic doses of emetine. Since 
emetine is toxic to the heart yet exerts a major therapeutic effect in the 
liver, liver mitochondrial metabolism was studied for comparison with 
the heart. 


EXPERIMENTAL 


Male New Zealand albino rabbits were given 2 mg/kg/day ip of emetine 
hydrochloride for 9 days. Since emetine-treated animals ate less, pair-fed 
controls were included to exclude effects due to inanition. Normal con- 
trols were fed ad libitum, and water was freely available to all groups. 


Heart mitochondria were prepared as described previously (10). After 
removal of the heart, a piece of ventricle was removed and prepared for 
electron microscopy according to techniques outlined by Hayat (11). 
Rabbit liver mitochondria were prepared similarly. The homogenization 
and suspending media consisted of 0.25 M sucrose plus 1 mM ethylene- 
diaminetetraacetic acid (pH 7.2). 


Heart and liver mitochondrial metabolism was studied polarographi- 
cally with an oxygraph. Pyruvate (5 mM), pyruvate (5 mM) plus malate 
(0.1 mM), and succinate (5 mM) were the substrates. The reaction me- 
dium for the heart mitochondrial studies contained 0.25 M mannitol, 10 
mM KCl, 10 mM tris(hydroxymethy1)aminomethane hydrochloride, 0.1 
mM ethylenediaminetetraacetic acid, and 5 mM phosphate buffer (pH 
7.2). The reaction medium for the liver studies consisted of 0.25 M su- 
crose, 0.1 m M  KCI, and 10 mM tris(hydroxymethy1)aminomethane 
phosphate buffer (pH. 7.2). Small volumes of concentrated adenine di- 
phosphate and magnesium chloride were added to reach final concen- 
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Table I-Effect of Chronic Emetine Treatment on Pyruvate a Oxidation by Heart Mitochondria 


Magnesium 
Initial Rate State 3 Chloride State 3 RC Ratio ADP:O Ratio 


3.1 f 0.1 Normal control (n = 10) 27.5 f 3.4 433.3 f 49.2 202.2 f 15.0 523.7 f 47.8 12.8 f 0.4 


Pair-fed control ( n  = 81 18.7 f 1.6d 306.0 f 22.5d 147.6 f 16.4d 351.9 f 24.Be 11.2 f 0.6 3.2 f 0.2 
135.6 f 12.1 3.4 f 0.3' 3.6 f 0.2c 


106.8 f 11.3 3.0 f 0.3' 3.8 f 0. lc  
Emetine treatedf (n = 8) 18.2 f 1.5d 271.0 f 9.3e 137.4 f 8.7e 324.0 f 14.4e 10.9 f 0.5 3.3 f 0.2 


96.4 f 3.7e 3.3 f 0.2c 3.7 f 0.2' 


Includes 0.1 mM malate. Mean f SE expressed as n atoms of oxygen consumed per minute per milligram of mitochondrial protein. After the addition of 1.4 mM 
MgC12. p < 0.05 from normal control. p << 0.05 from normal control. f Given 2 mg/kg/day ip for 9 days. 


Table 11-Effect of Chronic Emetine Treatment on Succinate Oxidation by Heart Mitochondria a 


Magnesium 
Initial Rate State 3 Chloride State 3 RC Ratio ADP:O Ratio 


Normal control (n = 8) 119.7 f 12.0 656.0 f 43.9 359.7 f 23.2 764.8 f 74.4b 4.6 f 0.2 2.3 f 0.1 
Pair-fed control (n = 3) 92.6 f 8.7 508.3 f 48.1 347.6 f 33.7 523.5 f 69.1 3.9 f 0.5 2.5 f 0.2 
Emetine treatedc (n = 3) 83.4 f 5.3d 466.9 f 28.9 310.7 f 40.7 506.9 f 15.2d 4.4 f 0.3 2.6 f 0.1 


Mean f SE expressed as n atoms of oxygen consumed per minute per milligram of mitochondrial protein. b n = 4. c Given 2 mg/kg/day ip for 9 days. p < 0.05 from 
normal control. 


trations of 0.3 and 1.4 mM, respectively. All reactions were run a t  28'. 
Protein determination was by the method of Lowry et al. (12). 


RESULTS 


With pyruvate plus malate or pyruvate alone as the substrate, the 
respiration rates of heart mitochondria isolated from the pair-fed control 
and emetine-treated rabbits were significantly lower than those recorded 
from normal control mitochondria (Table I). (Since both results were 
similar, only those with pyruvate plus malate are shown). This same trend 
was observed with succinate, but only the initial rate and postmagnesium 
State 3 respiration rates were significantly lower in the emetine-treated 
group than in the normal control group (Table 11). In both cases, the 
respiration rates of mitochondria isolated from the pair-fed control group 
did not differ from the rates observed in the emetine-treated group. Also, 
as shown in Tables I and 11, the respiratory control (RC) and adenosine 
5'-phosphate-oxygen (ADP:O) ratios did not differ significantly in any 
of the three groups. 


Liver mitochondria responded differently than heart mitchondria to 
chronic emetine treatment with all substrates used. Liver mitochondria 
from the pair-fed control rabbits, respiring in the presence of pyruvate 
plus malate or pyruvate alone, had significantly lower State 3 respiration 
rates than did both the normal control and emetine-treated mitochondria 
(Table 111). In addition, the premagnesium RC ratio was significantly 
lower in the pair-fed control group than in the normal control group. With 
succinate as the substrate, only the premagnesium State 3 rate was sig- 
nificantly lower in the pair-fed control group in comparison to both the 


normal control and emetine-treated groups (Table IV). With any sub- 
strate used, the emetine-treated rabbits maintained mitochondrial res- 
piration at normal control levels (Tables 111 and IV). Nodifferences were 
detected in the ADP:O ratios in all liver mitochondrial preparations. 


DISCUSSION 


The results from the present experiments with heart mitochondria 
agreed with preliminary experiments using a-ketoglutarate as the sub- 
strate (13). In addition, they were similar to those obtained by Appelt 
and Heim (5-7) with rats and by Hanasono (14) with rabbits. The only 
discrepancy was that Appelt and Heim (6) observed no difference be- 
tween control and emetine-treated heart homogenate respiration with 
succinate as the substrate. Our results on the reduced respiration of rabbit 
heart mitochondria with succinate as the substrate agreed with those of 
Hanasono using rabbit heart homogenates (14). The discrepancy may 
be due to species differences. Nevertheless, the major observation from 
this study was that although heart mitochondrial respiration in the em- 
etine-treated group was reduced in comparison to the normal control 
group, respiration in the pair-fed control group was equally reduced. This 
finding indicated that the apparent depressive effects of emetine on heart 
mitochondrial respiration were not due to a direct action of the drug but 
were secondary to the nutritional state of the animal. 


Other evidence to support this hypothesis comes from work by Gold 
and coworkers ( I  5,16). In rats semistarved or totally starved for 7 days, 
the activities of myocardial enzymes, including those found in the mi- 
tochondria, were reduced. 


Table 111-Effect of Chronic Emetine Treatment of Pyruvate a Oxidation by Liver Mitochondria 


Magnesium 
Initial Rate State 3 Chloride State 3 RC Ratio ADP:O Ratio 


Normal control (n = 10) 8.3 f 1.0 38.9 f 2.4 22.1 f 1.4 55.9 f 3.3 3.8 f 0.3 3.2 f 0.2 
3.4 f 0.3c 


2.6 f 0.3c 


3.5 f 0.3c 


3.5 f 0.0' 
Pair-fed control (n = 8) 6.2 f 0.5 24.4 f 1.3d.e 17.9 f 0.8 34.3 f 3.0dne 2.8 f O.ld 3.7 f 0.2 


Emetine treatedf (n = 7) 6.3 f 0.5 35.8 f 2.5 19.2 f 1.1 51.8 f 4.3 3.5 1 0 . 2  3.4 f 0.2 
3.6 f 0.2c 2.9 f 0.2c 


0 Plus 0.1 mM malate. b Mean f SE expressed as n atoms of oxygen consumed per minute er milligram of mitochondrial protein. c After the addition of 1.4 mM MgC12. 
d p << 0.05 from normal control. e p  << 0.05 from emetine-treated rabbits. f Given 2 mglkgPday ip for 9 days. 


Table IV-Effect of Chronic Emetine Treatment on Succinate Oxidation by Liver Mitochondria 


Magnesium 
Initial Rate State 3 Chloride State 3 RC Ratio ADP:O Ratio 


2.4 f 0.1 Normal control (n  = 10) 17.3 f 1.6 66.3 f 4.6 31.3 f 2.0 61.87 f 4.04 3.6 f 0.2 
Pair-fed control (n = 8) 11.1 f 0.8b 45.3 * 1.7c 26.5 f 1.1 59.0 f 3.9 3.3 f 0.2 2.4 f 0.1 


2.3 f 0.1 3.8 f 0.2 Emetine treatedd (n = 3) 17.2 f 2.3 74.8 f 5.3 33.3 f 3.3 78.0 f 5.4 


Mean f SE expressed aa n atoms of oxygen consumed per minute per milligram of mitochondrial protein. b p << 0.05 from normal control. c p << 0.05 from normal 
control and emetine-treated rabbits. Given 2 mg/kg/day ip for 9 days. 
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Independent of the substrate used, the RC and ADPO ratios were 
similar in all three groups. This finding indicated that neither emetine 
nor malnutrition affected the coupling of oxidation to phosphorylation 
or the oxidative phosphorylation process, respectively. 


The results from the liver mitochondrial studies also agreed with the 
findings of Appelt and Heim (6,7). Since the respiration rates were lower 
only in the pair-fed control group in comparison to the normal control 
group, liver mitochondrial metabolism apparently was reduced by mal- 
nutrition. This effect was overcome in the emetine-treated rabbits. 


Basically, it seemed that liver mitochondria were less susceptible to 
the effects of inanition than heart mitochondria. This result was con- 
sistent with observations in semistarved rats (17) and probably reflects 
the higher metabolic rates and energy requirement of the heart. 


As with heart mitochondria, emetine treatment did not affect oxidative 
phosphorylation in liver mitochondria. Since no consistent effects on the 
RC ratio were observed in the pair-fed control group, mitochondrial 
coupling probably was not significantly affected by malnutrition. 


In the present experiments, the heart mitochondria from emetine- 
treated rabbits appeared unaltered, except for a slight swelling of the 
cristae, when examined under the electron microscope. However, these 
observations appeared to reflect metabolic effects. Similar morphological 
findings also were noted by Hatt et al. (18) in rats chronically treated with 
emetine, but they differed from the results of Pearce et al. (9) and may 
reflect species differences. As seen by the treatment schedule used by 
Pearce’s group, the dog may be more sensitive to the actions of emetine 
than the rat and rabbit. 


Thus, the results of these experiments indicate that chronic therapeutic 
doses of emetine produced no direct detrimental effect on heart mito- 
chondrial metabolism. Any effects observed were secondary to the ina- 
nition induced by chronic treatment. The different response noted in liver 
mitochondria probably reflected the different metabolic states of the 
heart and liver, as well as the unique metabolic response of the liver 
during semistarvation or starvation (19). Thus, it appears unlikely that 
metabolic damage to the myocardium will result from chronic therapeutic 
doses of emetine. This view agrees with the clinical observation that after 


COMMUNICA TIONS 


therapeutic doses of emetine, most patients recover from cardiovascular 
side effects without any compromise in cardiac function. 
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To the Editor: 
The efficiency of extracorporeal drug removal commonly 


is measured as dialysance or dialysis clearance. Such terms, 
however, do not correlate directly with the amount of drug 
removed by the device. Previous investigators (1,2) pro- 
posed an alternative parameter, f ,  defined as the fraction 
of drug in the body at the start of extracorporeal drug re- 
moval (EDR) that is removed by the device. This fraction 
is the product of the fraction of total elimination that EDR 
represents and the fraction of drug lost by all elimination 
routes during EDR and is given by: 


(Eq. 1) 


where Clo is the EDR clearance, C1 is the total body 
clearance in the absence of EDR, V is the apparent volume 
of distribution of the drug, and t is the duration of 
EDR. 


Equation 1 assumes one-compartment pharmacoki- 
netics; thus, for most drugs, it may yield inaccurate esti- 
mates of the fraction of drug removed by an extracorporeal 
device. An alternative general equation that can be used 
for drugs following single or multicompartment kinetics 
is developed in this communication. 


XS = XD + xel+ xf  (Eq. 2) 


where Xs and Xf are the amounts of drug in the body at 
the beginning and the end of EDR, respectively, and X, 
and X,I are the amounts of drug eliminated by EDR and 
by the body during EDR, respectively. Equation 2 may 
be expressed as: 


Xs st CLDAUC~ + ClAUCl+ ClAUC2 (Es. 3) 


where AUCl is the area under the plasma concentration- 
time curve during EDR and AUC2 is the area under the 


Consider the mass balance equation: 
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Independent of the substrate used, the RC and ADPO ratios were 
similar in all three groups. This finding indicated that neither emetine 
nor malnutrition affected the coupling of oxidation to phosphorylation 
or the oxidative phosphorylation process, respectively. 


The results from the liver mitochondrial studies also agreed with the 
findings of Appelt and Heim (6,7). Since the respiration rates were lower 
only in the pair-fed control group in comparison to the normal control 
group, liver mitochondrial metabolism apparently was reduced by mal- 
nutrition. This effect was overcome in the emetine-treated rabbits. 


Basically, it seemed that liver mitochondria were less susceptible to 
the effects of inanition than heart mitochondria. This result was con- 
sistent with observations in semistarved rats (17) and probably reflects 
the higher metabolic rates and energy requirement of the heart. 


As with heart mitochondria, emetine treatment did not affect oxidative 
phosphorylation in liver mitochondria. Since no consistent effects on the 
RC ratio were observed in the pair-fed control group, mitochondrial 
coupling probably was not significantly affected by malnutrition. 


In the present experiments, the heart mitochondria from emetine- 
treated rabbits appeared unaltered, except for a slight swelling of the 
cristae, when examined under the electron microscope. However, these 
observations appeared to reflect metabolic effects. Similar morphological 
findings also were noted by Hatt et al. (18) in rats chronically treated with 
emetine, but they differed from the results of Pearce et al. (9) and may 
reflect species differences. As seen by the treatment schedule used by 
Pearce’s group, the dog may be more sensitive to the actions of emetine 
than the rat and rabbit. 


Thus, the results of these experiments indicate that chronic therapeutic 
doses of emetine produced no direct detrimental effect on heart mito- 
chondrial metabolism. Any effects observed were secondary to the ina- 
nition induced by chronic treatment. The different response noted in liver 
mitochondria probably reflected the different metabolic states of the 
heart and liver, as well as the unique metabolic response of the liver 
during semistarvation or starvation (19). Thus, it appears unlikely that 
metabolic damage to the myocardium will result from chronic therapeutic 
doses of emetine. This view agrees with the clinical observation that after 


COMMUNICA TIONS 


therapeutic doses of emetine, most patients recover from cardiovascular 
side effects without any compromise in cardiac function. 
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To the Editor: 
The efficiency of extracorporeal drug removal commonly 


is measured as dialysance or dialysis clearance. Such terms, 
however, do not correlate directly with the amount of drug 
removed by the device. Previous investigators (1,2) pro- 
posed an alternative parameter, f ,  defined as the fraction 
of drug in the body at the start of extracorporeal drug re- 
moval (EDR) that is removed by the device. This fraction 
is the product of the fraction of total elimination that EDR 
represents and the fraction of drug lost by all elimination 
routes during EDR and is given by: 


(Eq. 1) 


where Clo is the EDR clearance, C1 is the total body 
clearance in the absence of EDR, V is the apparent volume 
of distribution of the drug, and t is the duration of 
EDR. 


Equation 1 assumes one-compartment pharmacoki- 
netics; thus, for most drugs, it may yield inaccurate esti- 
mates of the fraction of drug removed by an extracorporeal 
device. An alternative general equation that can be used 
for drugs following single or multicompartment kinetics 
is developed in this communication. 


XS = XD + xel+ xf  (Eq. 2) 


where Xs and Xf are the amounts of drug in the body at 
the beginning and the end of EDR, respectively, and X, 
and X,I are the amounts of drug eliminated by EDR and 
by the body during EDR, respectively. Equation 2 may 
be expressed as: 


Xs st CLDAUC~ + ClAUCl+ ClAUC2 (Es. 3) 


where AUCl is the area under the plasma concentration- 
time curve during EDR and AUC2 is the area under the 


Consider the mass balance equation: 
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Table I-Comparison of Methods of Estimating the Fraction of 
Sotalol in the Body Removed by Hemodialysis 


Timeof AUC1, A U G ,  f 
Dialysis, hr mghiterhr mg/liter/hr Eq. 1 Eq. 4 Eq. 5 


1-7 5.87 6.77 0.17 0.26 0.26 
12-18 1.75 3.67 0.17 0.20 0.20 


0 Pharmacokinetic parameters taken from Refs. 3 and 4; C1 = 140 ml/min, V = 
136 liters, and Clo = 105 m l h i n ,  with an intravenous bolus dose of 160 mg. 


plasma concentration-time curve from the termination of 
EDR to infinity. 


The fraction of drug in the body at the start of EDR that 
is removed by the device is given by: 


which, from Eq. 3, may be expressed as: 


(Eq. 4) 


(Eq. 5) 


To test the validity of Eq. 5, plasma concentrations of 
sotalol, a 0-adrenergic receptor blocking agent, were sim- 
ulated by computer. Pharmacokinetic parameters de- 
scribing the time course of this drug in the body were ob- 
tained from Sundquist et aZ. (3). Hemodialysis was started 
and terminated at 1 and 7 hr, respectively, following in- 
travenous bolus administration. In a second simulation, 
dialysis was started and terminated at 12 and 18 hr fol- 
lowing drug administration. A dialysis clearance, CZo, for 
sotalol of 105 ml/min was estimated from the study by 
Tjandramaga et al. (4) .  Areas under the plasma concen- 
tration-time curve were estimated using the trapezoidal 
rule. 


By employing Eq. 4, f was determined directly using the 
simulated amounts in the plasma and tissue compartments 
at  the beginning of dialysis, Xs, and the amount of drug 
removed by dialysis, XD. The value o f f  obtained was 
compared with that obtained using Eqs. 1 and 5 (Table 
I). 


Sotalol pharmacokinetics can be described by a two- 
compartment model with a distribution phase of -10 hr. 
When dialysis is performed during the distribution phase 
of the drug, use of Eq. 1 underestimates the fraction of 
drug removed by dialysis. When dialysis is conducted in 
the postdistributive phase, the prediction off using Eq. 
1 improves but still underestimates this parameter. Re- 
gardless of the time of dialysis relative to drug adminis- 
tration, Eq. 5 accurately predicts the fraction of drug re- 
moved from the body. 


Equation 5 provides a valid means of determining the 
fraction of drug removed by EDR. It is more general than 
Eq. 1 in that it can be applied to drugs following multi- 
compartment pharmacokinetics regardless of the time of 
EDR relative to drug administration. The clearance values 
are easily obtained. Proper use of the equation requires 
that the final plasma sample be obtained during the ter- 
minal log-linear phase of the plasma drug concentration 
curve and that the slope of this linear phase be determined 
to estimate AUC2 accurately. 
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Novel Source of Ubiquitous Phthalates as 
Analytical Contaminant 
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To the Editor: 
The ubiquitous distribution of the phthalate ester 


plasticizers in the environment is well known, and they are 
frequently encountered in samples processed in biomedical 
laboratories. Although the analyst can often identify 
phthalate plasticizers in biological samples, it is not always 
clear whether the plasticizer is a genuine contaminant in 
the specimen or an analytical artifact (1). Phthalates are 
readily leached into blood stored in plastic containers (21, 
and collecting blood specimens with evacuated tubes (3) 
or some plastic syringes (1) can result in contamination 
with phthalates or other plasticizers. 


In addition to their ubiquity, the phthalates manifest 
two other frustrating properties for the analyst. First, the 
range of phthalate esters used commercially ensures that 
a phthalate will cochromatograph with many analytes of 
interest such as barbiturates (4), disopyramide (51, and 
long-chain fatty acids (6). Second, although the phthalate 
esters contain no halogen atoms, they show good response 
factors to the electron-capture detector (7), which ensures 
that even nanogram quantities may interfere in trace level 
determinations of some compounds. 


The range of reported sources of phthalates as analytical 
contaminants is impressive, but we recently encountered 
a novel and unexpected source that could be of importance 
to analysts using electron-capture detection for trace level 
assay of drugs. 


To carry out low dose bioavailability studies with ox- 
prenolol, a sensitive assay for this &blocking drug in 
plasma was required. An assay by GLC with electron- 
capture detection, using heptafluorobutyryl derivatives 
of oxprenolol and the internal standard (metoprolol), was 
investigated. However, assay blanks invariably contained 
a spurious peak with a retention time almost equivalent 
to that of derivatized oxprenolol. A phthalate plasticizer 
was suspected, so meticulous care was taken to ensure that 
no plastic materials came in contact with any glassware, 
reagents, or specimens used. The contaminant persisted, 
and one of the offending blanks was subjected to GLC- 
mass spectrometric analysis to confirm the presence of the 
suspected phthalate. No confirmation could be established 
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Abstract 0 Cortisone, hydrocortisone, prednisolone, and prednisone 
were separated on a reversed-phase microparticulate high-pressure liquid 
chromatographic (HPLC) column with a ternary mobile solvent con- 
taining tetrahydrofuran, methanol, and water. Cortisone acetate, hy- 
drocortisone acetate, and prednisolone acetate were separated on the 
same reversed-phase column using acetonitrile-water. Various com- 
mercial topical formulations of these corticosteroids, except cortisone 
and prednisone, were prepared by both simple dilution and by extraction 
for analysis by the proposed HPLC procedure, by the blue tetrazolium 
procedure, and by the isoniazid procedure and/or phenylhydrazine 
method. Retention data are given for some common degradation products 
(C-17 ketones and (2-17 carboxylic acid derivatives) and for methyl-, 
propyl-, and butylparabens with these mobile solvents. 


Keyphrases Corticosteroids-analysis of topical pharmaceuticals, 
high-pressure liquid chromatography 0 Steroids-analysis in topical 
pharmaceuticals, high-pressure liquid chromatography 0 High-pressure 
liquid chromatography-analysis, corticosteroids in topical pharma- 
ceuticals 


High-pressure liquid chromatography (HPLC) is a 
powerful tool in providing a specific method of analysis for 
corticosteroids in pharmaceutical preparations (1-30). 
HPLC methods for corticosteroids in topical preparations 
such as creams, lotions, and ointments (5,6,10-14,16,19, 
21, 22, 25-28, 30) are particularly useful because of the 
complex nature of the sample matrix and the potential for 
interference in colorimetric or UV methods. 


The official blue tetrazolium (31,32), phenylhydrazine 
(33), isoniazid (34), and UV methods are subject to inter- 
ference from several sources (35,36). HPLC can provide 
both the separation and determination steps, thereby 
eliminating most interference problems in other 
methods. 


Although official methods of analysis of many cortico- 
steroids are being changed to HPLC methods (37), all 
corticosteroids chosen for this study are still being deter- 
mined officially by the blue tetrazolium or phenylhydra- 
zine methods (31,37). 


The described reversed-phase HPLC procedure effec- 
tively separates the corticosteroid of interest from its most 
common decomposition products, closely related steroids, 
other common active ingredients, and product excipients. 
Comparisons of results of HPLC, blue tetrazolium, isoni- 
azid, and/or phenylhydrazine methods were made for 
various commercial preparations. Simple dilution and 
extraction procedures also were compared. The cortico- 
steroids studied were cortisone, hydrocortisone, predni- 
sone, prednisolone, cortisone acetate, hydrocortisone ac- 
etate, and prednisolone acetate. 


EXPERIMENTAL 


Materials-Standards-Cortisone acetate', dexamethasone', hy- 
drocortisonel, hydrocortisone acetate', prednisolone', prednisolone ac- 


* USP reference standards. 


etate', prednisone', cortisone2, androst-4-ene-3,17-dione2 (I), Ilp-hy- 
droxyandrost-4-ene-3,17-dione2 (II), 1:Lp-hydroxyandrosta-l,4-diene- 
3,17-dione2 (III), androsta-l,4-diene-3,11,17-trione2 (IV), l7a-hy- 
droxy-3,l l-dioxoandrost-4-ene-17-carboxylic acid3 (V), llj3,17a-dihy- 
droxy-3-oxoandrost-4-ene-17-carboxylic acid3 (VI), IlpJ7a-dihy- 
droxy-3-oxoandrosta-l,4-diene-17-carboxylic acid3 (VII), 17a- 
hydroxy-3,11-dioxoandrosta-1,4-diene-17-carboxylic acid3 (VIII), 
and 11~,17cy-dihydroxy-3-oxo-9-fl~oro-l6a-methylandrosta-l,4- 
diene-17-carboxylic acid3 (IX) were used. 


Reagents-ACS reagent grade or equivalent chloroform, cyclohexane, 
acetic acid, sodium chloride, and basic aluminum oxide powder were 
used. 


HPLC grade or distilled-in-glass grade acetonitrile, methanol, and 
tetrahydrofuran (no stabilizers) were used. Tetrahydrofuran was treated 
to remove peroxides just before use in the mobile solvent by passing it 
through an aluminum oxide column containing 10 g of aluminum 
oxide/100 ml of tetrahydrofuran (38). 


HPLC-The high-pressure liquid chromatograph was equipped with 
a 6OOO-psi pump, a high-pressure injector or automatic injector, a 254-nm 
detector', a 10-mv recordes, and an electronic digital integratoP. The 
instrument was operated at  ambient temperature, and the detector 
sensitivity used was 0.05 aufs. 


Column-The column7 (25 cm X 4.6 mm) was purchased prepacked 
with octylsilane chemically bonded to porous microsilica particles, 5 pm 
in diameter. The theoretical plates ( N )  for hydrocortisone were deter- 
mined to be 3467 with the formula N = 16( V/W)2, where V is the reten- 
tion volume of the component and W is the width of the base of the 
peak. 


Mobile Solvents-Each mobile solvent was filtered through a mi- 
cropore filte@ just before use. Solvent A (for hydrocortisone, predniso- 
lone, and prednisone determinations) w a ~  25% (v/v) tetrahydrofuran and 
12.5% (v/v) methanol in water. A flow rate of 1 ml/min was used at a 
column back-pressure of 1800 psi. The retention volume for hydrocor- 
tisone ranged from 9 to 10.5 ml. The retention volume for dexamethasone 
ranged from 14 to 16.5 ml. The resolution was 1.3 for prednisone-corti- 
sone, 1.6 for cortisone-prednisolone, and 1.0 for prednisolone-hydro- 
cortisone. Resolution (R, )  was determined by the formula R, = 2(V2 - 
V1)/( Wz + W I ) ,  where Vz and V1 are the retention volumes of the two 
components and Wz and W1 are the corresponding widths of the bases 
of the peaks. 


Solvent B (for cortisone acetate, hydrocortisone acetate, and pred- 
nisolone acetate determinations) was 45% (v/v) acetonitrile in water. A 
flow rate of 1 ml/min was used at a column back-pressure of 800 psi. The 
retention volume for cortisone acetate ranged from 10 to 11 min. The 
resolution (R,) was 0.80 for prednisolone acetate-hydrocortisone acetate 
and 3.0 for hydrocortisone acetate-cortisone acetate. 


Internal Standard Preparations-For Hydrocortisone, Predniso- 
lone, and Prednisone Determinations-The dexamethasone stock in- 
ternal standard solution was -150 pg of dexamethasone/ml of methanol. 
To prepare the dexamethasone diluted internal standard solution, the 
stock internal standard solution was diluted quantitatively one to five 
with methanol to obtain a solution with -30 gg of dexamethasone/ml. 


For Corticosteroid Acetate Determinations-Cortisone acetate was 
used for hydrocortisone acetate and prednisolone acetate determinations, 
and hydrocortisone acetate was used for cortisone acetate determinations. 


Research Plus Steroids Laboratories, Denville, N.J. 
3 Prepared by Millard Maienthal, Division of Drug Chemistry, Food and Drug 


Administration, Washington, D.C. ' Model 204 liquid chromatograph with model 6000 A pump, model U6K loop 
injector or WISP 710A sample processor, and model 440 absorbance detector, 
Waters Associates, Milford, Mass. 


5 Model A-25 stri chart recorder, Varian Instrument Division, Aerograph 
Products, Palo Alto, 8alif. 


8 Supergrator 3, Columbia Scientific Industries, Austin, Tex. 


8 Millipore type LS, 5.0-pm pore size, Millipore Corp., Bedford. Mass. 
Zorbax Ca. DuPont Chemical Co., Wilmington, Del. 
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Table I-Comparison of HPLC Columns Table 111-Replication Study with Standards 


Octadecylsilane" 
Column 


Corticosteroid RRVc R, 


Prednisone 0.77 1.2 
Cortisone 0.85 1.2 
Prednisolone 0.92 1.1 


Cortisone acetate 2.30 
Prednisolone acetate 2.33 
Hydrocortisone acetate 2.60 
Methylparaben 1.26 
Propylparaben 4.01 
ButvlDaraben 4.56 


Hydrocortisone 1.00 


Octylsilane * 
Column 


RRVC R. 


0.80 1.3 
0.86 1.6 
0.94 1.0 
1.00 
2.15 
2.12 
2.32 
1.24 
3.30 
3.52 


Zorbax ODS (25-cm X 4.6-mm) column, DuPont Chemical Co., N (h drocor 
tisone) = 3364 plates. b Zorbax C8 (25-cm X 4.6-mm) column, DuPont 8hemici 
Co., N (hydrocortisone) = 3467 plates. c Retention volume relative to hydrocorti- 
sone. V = 9-10 ml. 


The stock internal standard solution was -100 pg of internal standard/ml 
in methanol. To prepare the diluted internal standard solution, the stock 
internal standard solution was diluted quantitatively one to five with 0.5% 
acetic acid in methanol to obtain a solution with -20 pg of corticosteroid 
acetate/ml. 


Standard Preparations-For Hydrocortisone, Prednisolone, and 
Prednisone Determinations-Corticosteroid reference standard, about 
10 mg accurately weighed, was transferred to a 100-ml volumetric flask 
and dissolved and diluted to volume with methanol. A 10.0-ml aliquot 
was transferred to a 50-ml volumetric flask, 10.0 ml of the dexamethasone 
stock internal standard solution was added, and the solution was diluted 
to volume with methanol. The final dilution contained 20 pg of cortico- 
steroid reference standard/ml and 30 pg of dexamethasone internal 
standard/ml. 


For Cortisone Acetate, Hydrocortisone Acetate, and Prednisolone 
Acetate Determinations-Corticosteroid acetate reference standard, 
about 10 mg accurately weighed, was transferred to a 100-ml volumetric 
flask and dissolved and diluted to volume with 0.5% acetic acid in 
methanol. A 10.0-ml aliquot was transferred to a 50-ml volumetric flask, 
10.0 ml of the appropriate corticosteroid acetate stock internal standard 
solution was added, and the solution was diluted to volume with 0.5% 
acetic acid in methanol. The final dilution contained 20 pg of cortico- 
steroid acetate reference standard/ml and 20 pg of corticosteroid acetate 
internal standard/ml. 


Sample Preparations for Hydrocortisone, Prednisolone, and 
Prednisone Determinations-Direct Dilution-An accurately weighed 
quantity of product, equivalent to -10 mg of corticosteroid, was trans- 
ferred to a 150-ml beaker, and 25 ml of methanol was added. The solution 
was heated on a steam bath with periodic agitation until the sample 
material was thoroughly dispersed. The solution was cooled in an ice bath 


Table 11-Retention Data of Octylsilane Microsilica Particle 
(5-pm) Column 


Mobile Mobile 
Solvent A Solvent B 


Compound RRV" K16 R RVc K b  
Cortisone 
Cortisone acetate 
I 
V 
Hydrocortisone 
Hydrocortisone acetate 
I1 
VI 
Prednisolone 
Prednisolone acetate 
I11 
VII 
Prednisone 
IV 
VIII 
Dexamethasone 
IX 
Methylparaben 
Propylparaben 
Butvbaraben 


0.86 
2.15 
0.96 
0.44 
1.00 
2.32 
1.13 
0.63 
0.94 
2.12 
1.02 
0.54 
0.80 
0.90 
0.37 .. 


1.64 
1.59 
1.24 
3.30 
3.52 


2.3 1.07 
7.1 2.44 
- 2.01 
- 0.74 
2.8 1.00 
7.7 2.08 
- 1.82 
- 0.78 
2.6 0.97 
7.0 2.03 
- 1.72 
- 0.76 
2.0 1.04 
- 1.90 
- 0.64 
5.2 1.30 
- 0.87 
- 1.22 
- 2.33 
- 3.77 


0.9 
3.4 - 
0.8 
2.7 


0.7 
2.6 


~ 


a Retention volume relative to hydrocortisone, V = 9-10 ml. * K' = (V - V,)/V,,, 
where VO = 2.4 ml. Retention volume relative to hydrocortisone, V = 4-5 ml. 


Coefficient of 
Amount Retention Variationa 


Mobile Injected, Volume, Peak Peak 
Solvent Pix ml Height Area 


Hydrocortisone 
A 0.25 9.35-9.49 1.38 3.19 
B 0.15 4.34 1.62 0.89 


Dexamethasone 
A 0.375 15.30-15.62 1.34 2.33 
B 0.225 5.62-5.65 1.61 3.61 


Cortisone Acetate 
A 0.53 20.10-20.47 1.30 1.39 
B 0.30 10.60-10.66 1.14 1.83 


a For 10 replicate injections. 


until the residue solidified, and then the liquid was decanted into a 100-ml 
volumetric flask. The extraction was repeated with three 20-ml portions 
of methanol, decanting each into a volumetric flask after cooling. After 
the methanol solution reached room temperature, it was diluted to vol- 
ume with methanol and filtered if necessary. 


A 10.0-ml aliquot was transferred to a 50-ml volumetric flask, 10.0 ml 
of the dexamethasone stock internal standard solution was added, and 
the solution was diluted to volume with methanol. 


Extraction-A 10.0-ml aliquot of the first sample dilution from the 
direct dilution procedure, equivalent to -1 mg of corticosteroid, was 
transferred to a 125-ml separator. Then 2 ml of aqueous saturated sodium 
chloride solution and 25 ml of cyclohexane were added, and the separator 
was shaken vigorously for 1 min. After the layers separated, the lower 
methanol layer was drained into a 250-ml separator containing 50 ml of 
distilled water. The cyclohexane layer was extracted with two 2-ml por- 
tions of 8O70 methanol-water. These extracts were added to the solution 
in the 250-ml separator, and the cyclohexane layer was discarded. 


The solution in the 250-ml separator was extracted with three 50-ml 
and one 45-ml portions of chloroform, with shaking of the separator for 
2 min for each extraction. Each chloroform extract was filtered through 
a cotton plug into a 200-ml volumetric flask. The solution was diluted 
to volume with chloroform and mixed. 


A 20.0-ml aliquot of the chloroform solution was transferred to a 25-ml 
conical flask, and the chloroform was evaporated just to dryness on a 
steam bath under a stream of air. Then 5.0 ml of the dexamethasone di- 
luted internal standard solution was added to the residue in the flask. 


Sample Preparation for Cortisone Acetate, Hydrocortisone Ac- 
etate, and Prednisolone Acetate Determinations-The method for 
corticosteroid alcohols was followed, except that 0.5% acetic acid in 
methanol was substituted for methanol in both the direct dilution and 
extraction procedures. Also, the appropriate corticosteroid acetate in- 
ternal standard solution was used in place of the dexamethasone internal 
standard solution. 


HPLC Determination-Ten microliters of each standard and sample 
preparation was injected onto an HPLC column that had been previously 


I I I I 1 I I 
5 10 15 20 25 30 


MINUTES 
Figure 1-Chromatogram of a standard mixture. The column was 
octylsilane bonded to microsilica (5 pm). Solvent A was 25% tetrahy- 
drofuran-12.5% methanol in water. The flow rate was 1 mllmin, the 
pressure was 1800 psi, the temperature was ambient, and the detector 
was at 254 nm (0.05 aufs). Key: 1 ,  prednisone; 2, cortisone; 3, predniso- 
lone; 4,  hydrocortisone; 5, methylparaben; 6, dexamethasone; 7, pred- 
nisolone acetate; 8, cortisone acetate; 9, hydrocortisone acetate; and 10, 
propylparaben. 
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Table IV-Linearity Study with Standards Table VI-Precision of HPLC Analysis of Samples 


Amount 
Mobile Injected, Coefficient of Determination ( r2 )  
Solvent Pg Peak Height Peak Area 


Hydrocortisone 
A 0.05-0.4 0.9993 0.9977 
B 0.05-0.4 0.9995 0.9999 


Dexamethasone 
A 0.075-0.6 0.9994 0.9977 
B 0.075-0.6 0.9993 0.9986 


Cortisone Acetate 
A 0.1-0.8 0.9996 0.9934 
B 0.1-0.8 0.9995 0.9993 


Table V-Recovery following Extraction 


Percent of Recovered Standard 
Sample" HPLC Blue Tetrazolium Isoniazid 


1 103.2 
3 99.1 
4 98.9 
5 99.1 
7 101.4 
9 99.4 


10 100.4 


14 100.2 
16 99.8 
17 99.3 
18 98.4 
19 100.4 
20 99.3 
21 98.4 
22 99.3 
Average 99.24 
SD 2.48 cv 2.5 


102.6 
103.0 
99.5 
99.3 


102.8 
97.3 


101.7 
91.6 


115.8 
92.8 


109.5 
100.6 
101.2 
102.9 
108.4 
98.0 


106.8 
103.0 
103.6 
102.13 


5.60 
5.48 


103.6 
100.3 
102.3 
101.4 
103.1 
100.2 
98.2 
98.2 


110.6 
100.9 
107.0 


102.3 
102.0 
103.7 
100.8 
105.1 


- 


- 
- 


102.48 
3.16 
3.08 


a Sample numbers correspond to samples in Table VII 


equilibrated for 0.5-1 hr with the appropriate mobile solvent (Solvent 
A for hydrocortisone, prednisolone, and prednisone; Solvent B for cor- 
tisone acetate, hydrocortisone acetate, and prednisolone acetate). The 
corticosteroid peak response should be -50% full scale a t  0.05 aufs. If not, 
the injection volume should be adjusted. 


From the chromatogram, the peak height ratios of the corticosteroid 
to the internal standard in the sample and standard were determined. 
The amount of corticosteroid in the sample is found using: 
mg of corticosteroid - sample ratio pg of standard - 


g of sample standard ratio ml 
sample dilution 1 mg 


X (Eq. 1) g of sample 1000 pg 
For lotion samples, the value, in milligrams per gram, is multiplied by 


sample density to determine the value in milligrams per milliliter. 
Blue Tetrazolium Determination-The USP (31) "Assay for Ste- 


roids" procedure was used. 
Phenylhydrazine Method-The Silber-Porter (33) procedure was 


followed. 
Isoniazid Method-The Umberger (34) procedure was followed using 


twice the recommended concentration of hydrochloric acid to increase 
sensitivity. Prednisolone, prednisolone acetate, and prednisone reactions 
were run in a 50° water baths. 


RESULTS AND DISCUSSION 


HPLC Parameters-Two reversed-phase columns, octadecylsilane 
and octylsilane chemically bonded to microparticle silica (5 pm), were 
used. Column efficiency results (theoretical plates) were comparable, but 


Suggested by Sharon R. Reed and Stephen M. Walters, Food and Drug Ad- 
ministration, Detroit, Mich., personal communication. 


Percent of Declared 
0.25% Hydrocortisone 


0.25% Hydrocortisone Lotion" Acetate Lotion 
Methanol Chloroform Methanol Chloroform 


Run Dilution Extraction Dilution Extraction 


1 50.8 49.7 96.1 94.1 
2 51.0 50.7 97.7 95.6 
3 51.4 49.7 96.7 95.3 
4 51.7 51.8 96.4 96.0 
5 51.5 49.5 96.3 95.7 .~ . .. - 
6 51.0 51.3 96.3 94.7 
Mean 51.23 50.45 96.58 95.33 
SD 0.35 0.96 0.58 0.54 
CV 0.68 1.90 0.68 0.57 


Hydrocortisone decomposed. See Sample 8 in Table VIII. 


Table VII-Composition of Commercial Corticosteroid Samples 
Studied 


~ ~ ~ 


Sample Type and 
Declared Amount of Other Active 


Sample Corticosteroid Ingredients 


1 Ophthalmic ointment, Neomycin sulfate, 0.5% 
Cortisone acetate 


1.5% 
Hydrocortisone 


2 Cream, 0.25%"*b 
3 Cream, 0.25%"~~ 
4 Cream, 0.5%" 
5 Cream, 0.5% 
6 Gel, 1% 
7 Lotion, 0.125%"~~ 
8 Lotion, 0.25% 
9 Lotion, 0.25%=vb 


10 Lotion, 0.25%" 


11 Lotion, 0.5%"rb 
12 Lotion, 0.5%a9b 


13 Lotion, 0.5%"~~ 


14 Ointment, 0.5% 
15 Ointment, 0.5% 


Hydrocortisone acetate 
16 Cream, 0.5%" 


17 Cream, 0.5%"~~ 


18 Cream, 0.5%"~~ 
19 Cream, 0.5%" 


20 Cream, 0.5% 


21 
Prednisolone 


Cream, 0.5%"~~ 


- 
Neomycin sulfate, 0.5% 
Diiodohydroxyquin, 1% 
Diiodohydroxyquin, 1% 


- 
- 


- 
Coal tar solution, 2 %  


diiodohydroxyquin, 1% 
- ~ 


Benzoyl peroxide, 5.5%; 
chlorhydroxyquinoline, 
0.25% ._ 


Benzoyl peroxide, 5.W; 
chlorhydroxyquinoline, 
0.25% 


- 


Polymyxin B sulfate, 10,000 


neomycin sulfate, 0.5% 
gramicidin, 0.25% 


iodochlorhydroxyquin, 3% 


hydrochloride, 2% 


U k ;  


Lidocaine, 3%; 


Lidocaine, 3% 
Chlorcyclizine 


Salicylic acid, 2% 


Aluminum chlorhydroxy 
allantoinate. 0.25% 


22 Ophthalmic ointment, Chloramphenicol, 1% 


23 Ophthalmic ointment, Sulfacetamide sodium, 10.0% 


24 Ophthalmic ointment, Sulfacetamide sodium, 10.0% 


a Methflparaben is present in the sample. * Propylparaben is present in the 


0.5% 
Prednisolone acetate 


0.2% 


0:5%"*b 


sample. Butylparaben is present in the sample. 


the octylsilane column gave slightly better resolution for prednisone, 
cortisone, prednisolone, and hydrocortisone with Solvent A (Table I). 


Attempts were made to find a mobile solvent that would separate the 
seven steroids with resolutions greater than 1.0. Binary mixtures of 
methanol-water, acetonitrile-water, and tetrahydrofuran-water and 
ternary mixtures of methanol-acetonitrile-water, tetrahydrofuran- 
acetonitrile-water, and tetrahydrofuran-methanol-water were tried. In 
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Table VIII-Assay Results (Percent of Declared Value) of the Commercial Corticosteroid Samples 


Proposed HPLC Blue Tetrazolium Other Methods 
Methanol Chloroform Methanol Chloroform Methanol Chloroform 


Extraction Dilution Extraction Dilution Extraction SamDle Dilution 


l a  a 
l b  
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12ae 
126 
13ae 
136 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 


76.2 
55.3 
74.6c 
95.2c 
77.9 
93.2 
90.2c 
83.9 
53.0c 
55.2c 
96.6 
94.5c 
99.6 
92.0 


104.7 
103.3 
88.3 


101.0 
100.0c 
102.6 
100.7 
99.7c 


108.4 
82.7 


106.8 
104.8 
96.7 


75.2 
55.5 
72.4= 
92.0 
76.9 
93.9 
87.3" 
83.2 
51AC 
54.7' 
95.9" 
92.4" 
92.3 
95.8 
88.9 


105.7 
92.2 
98.3 


100.1" 
100.9 
99.7 
99.5" 


105.3 
81.4 


106.4 
102.0 
100.6 


74.6 
55.3 
92.8 


101.4 
80.6 


98.7 
91.0 
74.2 
86.3 


100.2 
139.4 
177.3 
88.1 


108.4 
92.6 


109.8 
107.4 
110.1 
279.1 
104.2 
182.1 
85.9 


110.8 
109.9 
96.9 


- 


- 


76.1 
58.5 
85.OC 
96.3 
80.7 
96.0 
96.2c 
88.8 
59.4c 
68.2c 


102.3 
98.2c 
91.9 
97.4 
86.4 


116.7 
94.5 


100.4 
102.2c 
108.3 
213.1 
104.8C 
113.3 
88.0 


110.4 
108.4 
101.2 


78.36 
56.5b 


105.3 
101.4b 


99.06 


- 


- 
- 


- 
- 
- 
- 


148.36 
164.66 
133.3b 
130.46 


99.56 
97.76 


104.76 
103.1 
103.5b 
112.6b 


- 


- 
- 
- 
- 


- 
57.26 
78.4d 


105.3 
89.7b 


107.2b 
95.9d 
99.46 
57.1d 
55.8d 


126.7b 
93.1d 


124.56 
112.46 
110.06 
130.76 
92.7d 


100.4 
103.g6 
.102.7b 
103.ab 
105.6b*c 
109.3b 
- 
- 
- 
- 


Results a and b are for two separate units of product. * Isoniazid method. c Result is the average of two or three replicate determinations. Phenylhydrazine method. 
Result a from product with benzoyl peroxide added and b from product without benzoyl peroxide. 


the preliminary search for a suitable mobile solvent, a solvent program- 
mer was used with the HPLC instrumentlo. 


The best separation of the four steroids, prednisone, cortisone, pred- 
nisolone, and hydrocortisone, was obtained using the ternary solvent of 
25% tetrahydrofuran-12.5% methanol in water (Solvent A). The resolu- 
tion with this ternary system was optimized (39) by combining the two 
binary mixtures, 30% tetrahydrofuran-water and 50% methanol-water. 
Although haseline separation was not achieved, each steroid could be 
analyzed successfully in the presence of up to 10% of the other three 
steroids. An experiment was performed utilizing hydrocortisone standard 
(20 pg/ml) with 2 pg/ml each of the other three steroids added and 
dexamethasone (internal standard, 30 pg/ml). The hydrocortisone in this 
mixture was determined to be 99.9% (area ratio) and 98.6% (peak height 
ratio). 


The best separation of the steroid acetates, cortisone acetate, pred- 
nisolone acetate, and hydrocortisone acetate, was obtained using 30% 
tetrahydrofuran in water. However, the retention times were too long 
(-30 min) for routine analytical work. The best separation within an 
acceptable time was obtained with 45% acetonitrile in water (Solvent 
B). 


Table I1 gives the retention data, and Figs. 1 and 2 provide typical 
chromatograms obtained using the octylsilane microparticle (5 pm) silica 
column with Solvents A and B. 


Replication Study-A mixture of hydrocortisone, dexamethasone, 
and cortisone acetate reference standards in 0.5% acetic acid in methanol 
was used. Ten 10-pl injections were made onto the octylsilane-bonded 
column with the automatic injector (Table 111). 


In general, the coefficient of variation was more acceptable for peak 
height values. Therefore, peak heights were used for all sample deter- 
minations. 


Linearity Study-Standard mixtures containing hydrocortisone, 
dexamethasone, and cortisone acetate in 0.5% acetic acid in methanol 
were injected onto the octylsilane-bonded column. A straight line was 
fit to the peak height and area data by linear least squares, and the 
coefficient of determination (9) was calculated (Table IV). 


These corticosteroids give linear responses in the given concentration 
ranges. Peak height data appeared to be more acceptable for quantitation 
of these corticosteroids. 


Extraction Recovery Studies-A known amount of reference 
standard (-0.5 mg) was added to a 5.0-ml aliquot of the first dilution of 
the sample preparation and 5 ml of methanol in a 125-ml separator. The 


~~ ~ ~~ 


lo Model 201 liquid chromatograph with two model 6000 pumps and a model 660 
solvent programmer, Waters Associates, Milford, Mass. 


extraction was followed beginning with "Then 2 ml of aqueous saturated 
sodium chloride solution. . . ." 


The recovery of standard added to the sample was determined by the 
proposed HPLC, blue tetrazolium (311, and isoniazid (34) methods (Table 
V). The results show that extraction is suitable. 


Precision of HPLC Analysis of Samples-Six replicate determi- 
nations of two commercial samples were performed by the proposed di- 
rect dilution and extraction procedures (Table VI). 


Analysis-The results of the analysis of commercial samples (Table 
VII) are given in Table VIII. The HPLC results for most samples by both 
procedures were comparable, indicating that either is suitable. However, 
since continuous injections of methanolic extracts of cream, lotion, or 
ointment samples could plug or otherwise shorten the life of the HPLC 
column, the proposed extraction procedure is the sample preparation 
method of choice. 


A 0.5% solution of acetic acid in methanol was recommended as the 
diluting solvent for corticosteroid acetate esters so that ester hydrolysis 


I 2 3  


9 


2 4 6 8 10 12 
MINUTES 


Figure 2-Chromatogram of standard mixture. The column was 
octylsilane bonded to microsilica (5pm). Solvent B was 45% acetonitrile 
in water. The flow rate was 1 mllmin, the pressure was 800 psi, the 
temperature was ambient, and the detector was at  254 nm (0.05 aufs). 
Key: 1, prednisolone; 2, hydrocortisone; 3, prednisone; 4, cortisone; 5, 
methylparaben; 6, dexamethasone; 7, prednisolone acetate; 8, hydro- 
cortisone acetate; 9, propylparaben; and 10, cortisone acetate. 
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will not occur in the sample preparation. Without acetic acid, Samples 
23 and 24 had almost completely hydrolyzed within 1-2 hr. The 10% 
sulfacetamide sodium in these samples probably caused the rapid hy- 
drolysis, but other corticosteroid acetate ester samples and standards 
also had small amounts of free corticosteroid alcohol present (<2%) after 
being in methanol solution overnight. 


Samples 2, 7-9,11, and 14, which were official USP hydrocortisone 
preparations, illustrate the need for a more specific assay such as HPLC. 
The official blue tetrazolium results for these samples were 630% higher 
than those from the proposed HPLC method. Chromatograms for 
Samples 2,7-9 (hydrocortisone), and 21 (prednisolone) had one or more 
small peaks (<5% of the main peak) in addition to the main steroid peak. 
The retention volume for one of these small peaks in each chromatogram 
corresponded to that of the (2-17 ketone degradation standard (Table 
11, Compounds I and 111). Samples 2,4,8, and 9 also had an early eluting 
peak with a retention volume close to that of the C-17 carboxylic acid 
degradation product of hydrocortisone, which was reduced or completely 
removed by extraction (Table 11, Compound VI). 


Other active ingredients in the samples did not interfere with the 
proposed HPLC determination. Most of these compounds either were 
not detected by the 254-nm absorbance detector or were probably re- 
tained completely by the column (iodohydroxyquin and related com- 
pounds). Sulfacetamide and salicylic acid eluted mainly in the column 
dead volume, 2-3 ml. Chloramphenicol ( V  = 22 ml) was detected but was 
well separated from prednisolone (V = 9.5 ml). Samples 12 and 13 were 
analyzed with and without benzoyl peroxide (which was packaged in a 
separate vial to be added to the lotion before dispensing), because de- 
composition appeared to begin soon after addition of benzoyl per- 
oxide. 


The parabens were well separated from the steroids studied, except 
cortisone acetate. With Solvent B, the recommended solvent for acetate 
esters, propylparaben and cortisone acetate eluted too close for accurate 
quantitation of cortisone acetate. Therefore, cortisone acetate cannot 
be used as an internal standard for other acetate esters; another mobile 
solvent must be used for cortisone acetate analysis in the presence of 
propylparaben. 


The proposed HPLC procedure is recommended to replace or at least 
to supplement the blue tetrazolium, phenylhydrazine, isoniazid, and UV 
spectrophotometric methods in the analysis of corticosteroids in topical 
pharmaceuticals based on the data presented in this and other (1-30) 
papers. 
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Washington, D.C., 1975, p. 471. 


(39) J. G. Stewart and P. A. Williams, J. Chromatogr., 198, 489 
(1980). 
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13C-NMR data for IV are listed in Table 11. 
Preparative-Scale Metabolism of Imipramine Using A. flavipes 


(ATCC 16795)-A. flavipes was grown in 4.0 liters of medium contained 
in 40 500-ml erlenmeyer flasks. After a 24-hr incubation of the Stage I1 
cultures, a total of 800 mg of 1-HCl was distributed evenly among the 
cultures; incubation was continued for 13 days (200 rpm, room temper- 
ature). The cultures were harvested by homogenization of the whole 
culture, followed by filtration (through buchner funnel). The aqueous 
culture filtrate (pH 8) was extracted with 10 500-ml portions of chloro- 
form, and the combined chloroform layers were dried (sodium sulfate) 
and evaporated in uacuo to leave 663 mg of a brown oily residue. 


Preparative TLC of 330 mg of the residue was carried out using silica 
gel G plates (2.0 mm thick, 20 X 20 cm) developetl in ethyl acetate- 
methanol-ammonium hydroxide (81:15:4). The major band, corre- 
sponding to the N-oxide, was located by UV light and scraped off, and 
the silica gel was extracted exhaustively with 10% methanol-chloroform. 
Evaporation of the solvent afforded 112 mg of crude V, which was crys- 
tallized from benzene-hexane as white needles, mp 76-78O [lit. (24) mp 
75-79OI. Direct comparison of V with an authentic sample of imipra- 
mine-N-oxide showed the two samples to be identical (melting point, 
mixed melting point, TLC, co-TLC, and superimposable IR spectra). 


Preparative-Scale Metabolism of Imipramine (I) Using M. gri- 
seo-cyanus (ATCC 1207a)-A total of 1 g of I-HCl was fed to M. gri- 
seo-cyanus as described for C. blakesleeana and worked up as described 
for F. orysporum. The chloroform residue (664 mg) was chromato- 
graphed over aluminas (90 g) using chloroform followed by an increasing 
percentage of methanol in chloroform. A total of 496 mg of I and 45 mg 
of I11 was obtained with chloroform as the eluent (identities established 
by TLC and HPLC). Elution with 1% methanol-chloroform gave 30 mg 
of V (TLC and HPLC); 2% methanol-chloroform gave 49 mg of VI, which 
was converted to the hydrochloride salt (acidic ether) and crystallized 
from acetone as needles (10 mg), mp 211-212O [lit. (24) mp 206-208” and 
214-218’1. Direct comparison of VI-HC1 with an authentic sample of 
desipramine hydrochloride showed the two samples to be identical 
(melting point, mixed melting point, TLC, co-TLC, and superimposable 
IR spectra). The W-NMR data for VI are listed in Table 11. 
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Abstract 0 A number of microorganisms were screened for their ability 
to metabolize phencyclidine. Two microorganisms, Beauveria sulfur- 
escens and Cunninghamella echinulata, produced hydroxylated me- 
tabolites, which were identified as 1-( l-phenylcyclohexyl)-4-hydroxy- 
piperidine and 4-phenyl-4-piperidinocyclohexanol by high-pressure 


liquid chromatographic analysis. 


Keyphrases Phencyclidine-microbial metabolism, identification 
of metabolites Metabolites, microbial-phencyclidine, identification 


Microbial metabolites-phencyclidine, identification of metabolites 


Phencyclidine (I) is a commonly abused drug whose 
metabolism has received limited attention in mammals. 
Ober et al. (1) conducted a study of the metabolism of I in 
rhesus monkeys and reported some unchanged I but larger 
amounts of metabolites. The major metabolite present in 


the urine was identified as a nonphenolic dihydroxy- 
phencyclidine. Specific structures were not proposed, but 
a later report (2) gave structures for those metabolites, 
although details were not provided. Glazko (2) also re- 
ported considerable species variation of these metabolites, 
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Table I-Microorganisms Used for Screening Phencyclidine 


Metabolite 
Culture (Number)" Production 


Arthrobacter simplex (6946) 
Aspergillus flauipes (1030) 
Aspergillus flauipes (11013) 
Aspergillus flauipes (16795) 
Aspergillus flauus (9170) 
Aspergillus flauus (24741) 
Aspergillus niger (10549) 
Aspergillus niger (11394) 
Aspergillus niger (16888) 
Aspergillus ochraceus (18500) 
Aspergillus ochraceus (22947) 
Aspergillus parasiticus (15517) 
Beauueria bassiana (13144) 
Beauueria sulfurescens (7159) 
Botrytis allii (9435) 
Chaetomium cochloides (10195) 
Cladosporium resinae (22712) 
Cunninghamella blakesleeana (8688a) 
Cunninghamella echinulata (NRRL 3655) 
Cunninghamella echinulata (9244) 
Cunninghamella echinulata (1 1585a) 
Cunninghamella echinulata (1 1585b) 
Cunninghamella elegans (9245) 
Curuularia lunata (12017) 
Cylindrocarpon radicicola (11011) 
Fomes pinicola (15341) 
Fusarium oxysporum (7601) 
Fusarium solani var. coeruleum (24389) 
Mucor griseo-cyanus (1207a) 
Nocardia corallina (19070) 
Nocardia corallina (19071) 
Nocardia corallina (19148) 
Nocardia minima (19150) 
Rhizopus arrhizus (11145) 
Rhizopus stolonifer (6227b) 
Rhizopus stolonifer (15441) 
Streptomyces griseus (13968) 
Streptornyces griseus (23337) 
Streptomyces spectabilis (27465) 
Syncephalastrum racemosum (18192) 
Whetzelinia sclerotiorum (18015) 
Whetzelinid sclerotiorum (24156) 


Iv 


mammalian and microbial metabolism. This report de- 
scribes studies on the microbial metabolism of phency- 
clidine (I). 


RESULTS AND DISCUSSION 


Of the 44 microorganisms (Table I )  incubated with phencyclidine (I), 
only two organisms, B. sulfurescens (ATCC 7159) and C. echinulata 
(ATCC 9244), showed any capability to metabolize this substrate. Since 
TLC showed that B. sulfurescens produced only one metabolite, this 
organism was chosen for preparative-scale study. 


Phencyclidine hydrochloride' was distributed evenly among sub- 
merged cultures of B. sulfurescens. After incubation for 13 days, the 
cultures were combined and filtered, and the aqueous culture broth was 
extracted with chloroform. Chromatography of the chloroform extract 
over alumina afforded the recovered starting material and a crystalline 
residue. This residue gave one spot on TLC whose Rf value corresponded 
to that of the known hydroxylated piperidine metabolite (111). However, 
the 13C-NMR spectrum showed the metabolite to be a mixture of two 
components, which was confirmed by high-pressure liquid chromato- 
graphic (HPLC) analysis. It appeared that these two components would 
be difficult to separate on a preparative scale and, since authentic samples 
of the hydroxylated phencyclidine metabolites were available, detailed 
HPLC analyses were conducted. 


All cultures were obtained from the American Type Culture Collection in 
Rockville, Md., unless otherwise specified. * Metabolite production denoted by 
a + indicates one or more metabolites were produced, as evidenced by TLC. 


with humans showing relatively large amounts of the 
monohydroxy metabolite. Wong and Biemann (3) tenta- 
tively identified 11 metabolites by GLC-mass spectrom- 
etry in the rat. Three of these metabolites (IIb, 111, and IV) 
were detected in human urine samples. Metabolites IIa or 
IIb and I11 also were detected in human urine samples by 
Lin et al. (4). Thus, hydroxylation of the cyclohexyl and 
piperidyl rings in I seems to be the major mode of mam- 
malian metabolism. It remains to be determined whether 
metabolism plays a significant role in the mechanism of 
action and/or toxicity of I. 


Smith and Rosazza (5-8) suggested that mammalian 
metabolism might be studied by using microbial models 
and cited numerous examples that show parallels between 


Table 11-Chromatographic.Properties of Phencyclidine and Its 
Metabolites on HPLC System A 


Retention 
Compound tR" Index A 2dAzao 


I 1.00 763 44.0 
IIa 0.36 614 60.8 
IIb 0.48 662 57.3 


111 0.64 707 48.1 


Retention time relative to I (11 min). * Ratio of absorbances at 254 and 280 
nm. 


f + CULTURE 


CULTURE CONTROL 


MINUTES 
Figure 1-Chromatogram of B. sulfurescens extract using HPLC Sys- 
tem A .  Although dual 254- and 280-nm UV detectors were used, only 
the response of the 254-nm detector is shown. T h e  upper curve was ob- 
tained from the extract of the  incubation mixture of Z and the culture. 
The  lower curve was obtained from the  extract of the  culture not con- 
taining Z. 


Phencyclidine (I), 1 - ( I  -phenylcyclohexyl)-4-hydroxypiperidine (III), and 4- 
phenyl-4-piperidinocyclohexanol (110 and IIb) were obtained from the National 
Institute of Drug Abuse. 
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Figure 2-Chromatogram of the B. sulfurescens extract using HPLC 
System B. The upper curve was obtained from the extract of the incu- 
bation mixture of I and the culture. The lower curve was obtained from 
the extract of the culture not containing I. 


HPLC analysis of an authentic sample of 111' using System A showed 
one peak with a relative retention time of 0.64 (Table 11). However, 
analysis of an authentic sample of 4-phenyl-4-piperidinocycl~hexanol~ 
using System A showed two distinct peaks with relative retention times 
of 0.36 and 0.48, respectively (Table 11). The cyclohexyl metabolite, 4- 
phenyl-4-piperdinocyc1ohexano1, was available as a mixture of two ep- 
imers2 (IIa and IIb), but their relative stereochemistry has not yet been 
established. The major component of this mixture corresponded to a 
relative retention time of 0.36 in HPLC System A and was arbitrarily 
assigned as IIa. The minor component, assigned as IIb, had a relative 
retention time of 0.48 in HPLC System A. 


Purified extracts of B. sulfurescens incubated with I in a manner 
analogous to the preparative-scale procedure were examined using HPLC 
Systems A and B. In addition, the extracts of B. sulfurescens cultures 
grown under the same conditions, but without I (culture control), were 
analyzed and used as controls to identify any interfering peaks due to the 
organism or medium. With System A, two peaks not present in the culture 
control samples were evident (Fig. 11, with relative retention times of 0.48 
and 0.64. These peaks corresponded in retention time to one isomer of 
the hydroxylated cyclohexyl metabolite (IIb) and the hydroxylated pi- 
peridine metabolite (111). The identity of these metabolites was confirmed 
further using System B, which also showed the pregence of two compo- 
nents, corresponding in retention times to IIb and I11 (Fig. 2). In addition, 
the ratios of the absorbances at  254 and 280 nm for each peak in the 
chromatograms were consistent with the values observed for the standard 
samples in both systems (Table 11). 


The only other culture shown by TLC to produce metabolites was C. 
echinulata. Chloroform extracts of both substrate-containing and non- 
substrate-containing cultures of C. echinulata were concentrated on an 
alumina column and eluted with 1% methanol in chloroform to remove 
I and some of the medium constitutents. The chromatogram of the pu- 
rified C. echinulata extract on System A (Fig. 3) clearly showed that 


The sample was prepared as described in the literature (4) and apparently 
results in an epimeric mixture, which was not separated further. 
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Figure 3-Chromatogram of the C. echinulata extract using HPLC 
System A. The upper curve was obtained from the extract of the incu- 
bation mixture of I and the culture. The lower curve was obtained from 
the extract of the culture not containing I. 
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Figure 4-Chromatogram of the C. echinulata extract using HPLC 
System B. The upper curve was obtained from the extract of the incu- 
bation mixture of I and the culture. The lower curve was obtained from 
the extract of the culture not containing I. 


metabolites 110, IIb, and I11 were produced. This result was established 
further by analysis on System B (Fig. 4). 
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The identification of the metabolites was verified by a comparison of 
the absorbance ratios observed for the metabolites and the standards 
(Table 11). The absolute quantity of each metabolite present in the alu- 
mina-purified extracts of both B. sulfurescens and C. echinulata cultures 
was calculated. When 15 mg of I-HCl was added to 100-ml cultures, the 
alumina-purified extracts of B. sulfurescem cultures contained 0.13 mg 
of IIb and 0.19 mg of 111, while purified C. echinulata extracts contained 
0.15 mg of IIa, 0.22 mg of IIb, and 0.09 mg of 111. 


CONCLUSIONS 


It appears that both B. sulfurescens and C. echinulata produce 111, 
which is also a metabolite in humans. GLC-mass spectral studies (3) 
suggested that the major mammalian metabolite is IIb rather than IIa; 
however, those findings were not confirmed by comparison to standards 
of proven stereochemistry. It is not possible to determine if the isomer 
produced by B. sulfurescens is the same as the reported human metab- 
olite since the standard sample was available only as a mixture of the two 
isomers. C. echinulata appears to be less selective and produces both 
isomers (IIa and IIb). 


EXPERIMENTAL 


Fermentation Procedures-Initial screening studies were performed 
to determine microorganisms capable of metabolizing phencyclidine. A 
total of 44 organisms (Table I) were selected3 and were grown according 
to the usual two-stage fermentation procedure (9,lO) in 25 ml of medium 
held in 125-ml cotton-plugged erlenmeyer flasks. Phencyclidine hydro- 
chloride was added to 24-hr second-stage cultures, which were incubated 
on a rotary shaker a t  200 rpm and 25'. Samples of 5 ml were removed at  
various intervals after the substrate had been added. 


Each sample was adjusted to pH -8 with ammonium hydroxide and 
extracted with chloroform (3 X 5 ml), and the chloroform extracts were 
evaporated to dryness. The residues were redissolved in 100 pl of chlo- 
roform, and 6 pl of the solution was spotted on TLC plates. The medium 
used for all fermentations consisted of 10 g of dextrose, 10 g of corn steep 
liquor, 10 g of soya flour, 5 g of dry malt extract, 1 g of calcium chloride, 
and 5 g of sodium chloride in 1 liter of water. Culture controls consisted 
of fermentation blanks, in which the organisms were grown under iden- 
tical conditions but without the substrate. Substrate controls consisted 
of the addition of the same amount of substrate to sterile media. 


TLC and HPLC-Silica gel GFm plates were developed in either 10% 
acetic acid in absolute ethanol or ethyl acetate-methanol-concentrated 
ammonium hydroxide (85105). Alumina GF254 plates were developed 
in 1% methanol-chloroform. The plates were visualized under UV light 
and sprayed with iodoplatinate spray reagent. The Rf values of I, IIa, IIb, 
and I11 in the 10% acetic acid in ethanol system were 0.38,0.22,0.22, and 
0.28, respectively. Their Rf values in the ethyl acetate-methanol-am- 
monium hydroxide (85105) system were 0.80,0.47, 0.55, and 0.55, re- 
spectively, and their Rf values in the 1% methanol in chloroform (alu- 
mina) system were 0.80,0.28,0.28, and 0.30, respectively. 


HPLC System A consisted of a 3.9-mm X 30-cm octadecyl reversed- 
phase column4 with 10-pm particles. The mobile phase was prepared 
using 6.6 g of dibasic potassium phosphate, 8.4 g of monobasic potassium 
phosphate, 1.6 liters of methanol, and 2.4 liters of water; the flow rate was 
2.0 ml/min. An HPLC pump5 and a microsyringe-loaded loop injector6 
also were used. Two UV dehctors7 were used in series (254-nm detector 
followed by a 280-nm detector) and were calibrated using a morphine 


Obtained from University of Mississippi School of Pharmacy culture collec- 
tion. 


pBondapak Cia, Waters Associates, Milford, Mass. 
Model M-6000, Waters Associates, Milford, Mass. 


6 Model U6-K, Waters Associates, Milford, Mass. 
Model 440, Waters Associates, Milford, Mass. 


reference standard (11). 
The HPLC retention indexes with HPLC System A were measured 


essentially as reported previously (12,13). The retention index scale was 
based on the retention of the drug in question relative to a series (C&&) 
of 2-keto alkaness. The retention index of a given 2-keto alkane standard 
was, by definition, equal to 100 times the number of carbons in the 
compound. Thus, 2-butanone was assigned a value of 400. The HPLC 
retention index of I and its metabolites was determined by interpolation 
of the logarithm of the capacity factors observed for the test compound 
and the standards. 


HPLC System B consisted of a 3.9-mm X 30-cm silica columng with 
10-pm particles. The mobile phase was prepared using methanol, 2 N 
ammonia, and 1 N ammonium nitrate (27:2:1); the flow rate was 1.0 
ml/min. 


Preparative-Scale Metabolism of Phencyclidine (I) Using B. 
sulfurescens (ATCC 7159)-B. sulfurescens (ATCC 7159) was grown 
in 4.0 liters of medium held in 40 500-ml cotton-plugged erlenmeyer 
flasks. A total of 400 mg of phencyclidine hydrochloride' was distributed 
equally among the cultures. The flasks were kept a t  room temperature 
and 200 rpm for 13 days after substrate addition. The cultures were 
harvested by filtration, and the aqueous culture broth (pH 8) was ex- 
tracted with chloroform (3 X 2 liters). The combined chloroform layers 
were dried (sodium sulfate) and evaporated to dryness, yielding 341 mg 
of extract. 


The extract was chromatographed over alumina'O (40 g) using chlo- 
roform as the solvent. Elution with chloroform yielded a fraction con- 
taining phencyclidine (I) (137 mg), identified by TLC and 13C-NMR 
analyses. Elution with 1% methanol-chloroform gave a 30-mg fraction 
(crystalline residue) of the metabolite. The fraction showed one spot in 
all of the TLC systems tried but clearly was a mixture of two components 
(IIb and 111) as determined by HPLC and 13C-NMR spectroscopy. 
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Table I-Comparison of Methods of Estimating the Fraction of 
Sotalol in the Body Removed by Hemodialysis 


Timeof AUC1, A U G ,  f 
Dialysis, hr mghiterhr mg/liter/hr Eq. 1 Eq. 4 Eq. 5 


1-7 5.87 6.77 0.17 0.26 0.26 
12-18 1.75 3.67 0.17 0.20 0.20 


0 Pharmacokinetic parameters taken from Refs. 3 and 4; C1 = 140 ml/min, V = 
136 liters, and Clo = 105 m l h i n ,  with an intravenous bolus dose of 160 mg. 


plasma concentration-time curve from the termination of 
EDR to infinity. 


The fraction of drug in the body at the start of EDR that 
is removed by the device is given by: 


which, from Eq. 3, may be expressed as: 


(Eq. 4) 


(Eq. 5) 


To test the validity of Eq. 5, plasma concentrations of 
sotalol, a 0-adrenergic receptor blocking agent, were sim- 
ulated by computer. Pharmacokinetic parameters de- 
scribing the time course of this drug in the body were ob- 
tained from Sundquist et aZ. (3). Hemodialysis was started 
and terminated at 1 and 7 hr, respectively, following in- 
travenous bolus administration. In a second simulation, 
dialysis was started and terminated at 12 and 18 hr fol- 
lowing drug administration. A dialysis clearance, CZo, for 
sotalol of 105 ml/min was estimated from the study by 
Tjandramaga et al. (4) .  Areas under the plasma concen- 
tration-time curve were estimated using the trapezoidal 
rule. 


By employing Eq. 4, f was determined directly using the 
simulated amounts in the plasma and tissue compartments 
at  the beginning of dialysis, Xs, and the amount of drug 
removed by dialysis, XD. The value o f f  obtained was 
compared with that obtained using Eqs. 1 and 5 (Table 
I). 


Sotalol pharmacokinetics can be described by a two- 
compartment model with a distribution phase of -10 hr. 
When dialysis is performed during the distribution phase 
of the drug, use of Eq. 1 underestimates the fraction of 
drug removed by dialysis. When dialysis is conducted in 
the postdistributive phase, the prediction off using Eq. 
1 improves but still underestimates this parameter. Re- 
gardless of the time of dialysis relative to drug adminis- 
tration, Eq. 5 accurately predicts the fraction of drug re- 
moved from the body. 


Equation 5 provides a valid means of determining the 
fraction of drug removed by EDR. It is more general than 
Eq. 1 in that it can be applied to drugs following multi- 
compartment pharmacokinetics regardless of the time of 
EDR relative to drug administration. The clearance values 
are easily obtained. Proper use of the equation requires 
that the final plasma sample be obtained during the ter- 
minal log-linear phase of the plasma drug concentration 
curve and that the slope of this linear phase be determined 
to estimate AUC2 accurately. 


(1) P. R. Gwilt and D. Perrier, Clin. Pharmacol. Ther., 24, 154 
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Novel Source of Ubiquitous Phthalates as 
Analytical Contaminant 


Keyphrases 0 Plasticizers-phthalate, analytical contaminant 
0 Mass spectrometry-detection of phthalate esters by selected-ion 
monitoring o Phthalates-interference with oxprenolol assay using GLC 
with electron-capture detection Contaminants-phthalates, inter- 
ference in drug assays using electron-capture detection 


To the Editor: 
The ubiquitous distribution of the phthalate ester 


plasticizers in the environment is well known, and they are 
frequently encountered in samples processed in biomedical 
laboratories. Although the analyst can often identify 
phthalate plasticizers in biological samples, it is not always 
clear whether the plasticizer is a genuine contaminant in 
the specimen or an analytical artifact (1). Phthalates are 
readily leached into blood stored in plastic containers (21, 
and collecting blood specimens with evacuated tubes (3) 
or some plastic syringes (1) can result in contamination 
with phthalates or other plasticizers. 


In addition to their ubiquity, the phthalates manifest 
two other frustrating properties for the analyst. First, the 
range of phthalate esters used commercially ensures that 
a phthalate will cochromatograph with many analytes of 
interest such as barbiturates (4), disopyramide (51, and 
long-chain fatty acids (6). Second, although the phthalate 
esters contain no halogen atoms, they show good response 
factors to the electron-capture detector (7), which ensures 
that even nanogram quantities may interfere in trace level 
determinations of some compounds. 


The range of reported sources of phthalates as analytical 
contaminants is impressive, but we recently encountered 
a novel and unexpected source that could be of importance 
to analysts using electron-capture detection for trace level 
assay of drugs. 


To carry out low dose bioavailability studies with ox- 
prenolol, a sensitive assay for this &blocking drug in 
plasma was required. An assay by GLC with electron- 
capture detection, using heptafluorobutyryl derivatives 
of oxprenolol and the internal standard (metoprolol), was 
investigated. However, assay blanks invariably contained 
a spurious peak with a retention time almost equivalent 
to that of derivatized oxprenolol. A phthalate plasticizer 
was suspected, so meticulous care was taken to ensure that 
no plastic materials came in contact with any glassware, 
reagents, or specimens used. The contaminant persisted, 
and one of the offending blanks was subjected to GLC- 
mass spectrometric analysis to confirm the presence of the 
suspected phthalate. No confirmation could be established 
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when the mass spectrometer was operated in the full-scan 
mode. However, when the sample was analyzed in the more 
sensitive selected-ion mode, with the mass spectrometer 
focussed only on ions of mass 149 and 167, which are 
prominent in the spectrum of bis(2-ethylhexyl) phthalate 
(€9, the presence of this compound was indicated. 


Careful reassessment of the entire oxprenolol assay re- 
vealed that the only plastic material used was about 2 m 
of polyvinyl chloride tubing attached to a Pasteur pipet; 
it was employed to blow nitrogen over the tubes in a water 
bath for solvent removal. When this polyvinyl chloride 
tubing was replaced with polytetrafluoroethylene tubing, 
clean blanks were achieved. 
(1) M. T. Rosseel and M. G. Bogaert, J. Pharm. Pharmacol., 28,942 
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(2) R. J. Jaeger and R. J. Rubin, Lancet, 1,151 (1970). 
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Effects of Spermine and Spermidine on 
Gastric Emptying in Rats 


Keyphrases Spermine-effects on gastric emptying in rats, struc- 
ture-activity relationships Spermidine-effects on gastric emptying 
in rats, structure-activity relationships o Structure-activity relation- 
ships-spermidine and spermine, effects on gastric emptying in rats 


To the Editor: 
Spermine and spermidine have been intensively studied 


with regard to their function in cellular metabolism and, 
more recently, their role in normal and neoplastic growth 
(1). These biogenic amines were reported (2) to occur in 
relatively high concentrations in the GI tract, but no pre- 
cise physiological role has been attributed to them. 


Recently, we reported that a branched-chain polyeth- 
yleneamine (mol. wt. >600) greatly inhibited gastric 
emptying in the rat while an isomeric linear version of this 
same polymer was essentially inactive (3). Since the re- 
peating unit in both branched and linear polyethyl- 
eneimine is somewhat similar to that of spermine and 
spermidine, we decided to measure the effect of spermine, 
spermidine, and related small molecule polyamines on the 
stomach emptying rate in the rat. 


Table I-Effects of Polyamines on Gastric Emptying in the Rat 


Dose, Inhibition 
Molecular mg/kg at  4 hr, 


Compound Weight PO %” 


Diethylenetriamine 103 250 0 
Triethylenetetramine 146 250 0 
N,N1-Bis(3-aminopropyl)piperazine 200 250 23 
(N-Aminoethyl)-1,4-diaminobutane 131 250 36 
Spermidine 145 250 87 
Polyethyleneimine >40,000 250 92 


Polyethyleneimine (linear) >10,OOO 250 11 
(commercial product) 


a Resin bead method: see Ref. 3 


The results of initial studies (Table I) indicate that the 
naturally occurring polyamines, spermine and spermidine, 
are highly effective in reducing gastric emptying in the rat. 
Certain clogely related commercially available polyamines, 
such as diethylenetriamine and triethylenetetramine, are 
completely inactive. Other analogs such as (N-ami- 
noethyl)-1,4-diaminobutane and N,N1- bis(3-aminopro- 
py1)piperazine have weak activity. 


The structure-activity (inhibition of gastric emptying) 
of these compounds may be summarized as follows: 


H z N ( C H ~ ) ~ N H ( C H ~ ) ~ N H ( C H ~ ) , N H ~  
m = 3, n = 4 spermine (very active) 
m = 2, n = 2 triethylenetetramine (inactive) 


H ~ N ( C H Z ) ~ N H ( C H ~ ) ~ N H Z  
m = 3, n = 4 spermidine (very active) 
m = 2, n = 4 N-aminoethyl-1,4-diaminobutane (low activity) 
m = 2, n = 2 diethylenetriamine (inactive) 


n H2N(CHdrnN y N ( C H d m N H 2  
m = 3 N,N1-bis(3-aminopropyl)piperazine (low activity) 


These results indicate that gastric emptying inhibition 
in the rat by both polymeric and low molecular weight 
polyamines is clearly dependent on chemical structure. 
The reason for this structural specificity is not known. The 
results suggest, however, that endogenous spermine and 
spermidine may have some unrecognized GI secretomotor 
activity that can be duplicated by conformationally similar 
synthetic materials. 
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Disintegration-Dissolution Analysis of Percent 
Dissolved-Time Data 
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Abstract 0 A simple, graphical method is described for the disintegra- 
tion-dissolution analysis of cumulative percent dissolved-time data. The 
technique is based on a biexponential equation with the assumption of 
first-order disintegration and dissolution according to a simple dissolution 
model. The dissolution data obtained for six commercial tablets and 
capsules adequately fit the developed equation. The described method 
is simple and can handle initial data points that are usually ignored by 
other techniques. 


Keyphrases Disintegration-dissolution-analysis of percent dis- 
solved-time data Dissolution model-method for analysis of percent 
dissolved-time data Pharmacokinetics-method for analysis of percent 
dissolved-time data 


Most techniques used to interpret the percent dis- 
solved-time data of tablets and capsules are based on 
semilogarithmic plots in which the early data points that 
precede the dissolution lag time are not considered (1-4). 
Kitazawa et al. (5,6) utilized the initial data points and 
calculated the dissolution rate constants of uncoated 
tablets from the two straight lines obtained by plotting the 
dissolution data semilogarithmically against time. It was 
assumed that when the two lines intersect, the surface area 
greatly increases, causing a sudden increase in the disso- 
lution rate. This assumption, however, is questionable 
since the change in the surface area is likely to be contin- 
uous. Furthermore, the early data points that most fre- 
quently form a curve above the terminal line (1) may be a 
function of both dissolution and disintegration. Drug re- 
lease from conventional tablets or capsules usually involves 
two sequential time-dependent processes, disintegration 
(or content deaggregation for capsules) and dissolution, 
which occur simultaneously until disintegration is com- 
pleted. 


Drug release from a tablet having a rather idealized 
formulation was analyzed previously according to a dis- 
integration-dissolution model; however, the mathematics 
involved are complicated and require computer programs, 
which may not be available or suitable for routine analysis 
of dissolution data (7, 8). This paper describes a simple 
graphical method for disintegration-dissolution analysis 
of percent dissolved-time data for commercial tablets or 
capsules in which all data points obtained were utilized and 
the dissolution and disintegration rate constants were 
estimated. 


THEORETICAL 


When a tablet or capsule dissolves, it first disintegrates (capsule dis- 
integration implies shell dissolution and content deaggregation) into 
small particles which, in turn, due to their large surface area, release the 
drug into the dissolution liquid. A more detailed scheme comprising an 
additional step in which the drug dissolves directly from the tablet surface 
also was reported (9); however, the amount released through this step 
is very small and need not be considered. 


If one assumes that disintegration and dissolution are first-order 
processes and that A ,  A,, and A, represent the amounts of drug in the 
dosage form, small particles, and solution, respectively, at any given time, 


A S A P  %A,, the following differential equations can be written: 
d A  
d t  
- = -kdA (Eq. I) 


-=  dA3 k,A, 
dt  (Eq. 3) 


where kd and 12, are apparent first-order rate constants for disintegration 
and dissolution, respectively. 


The Laplace transforms of Eqs. 1-3 are: 


where the bar above the function and the s represent the Laplace trans- 
form for the function and A0 is the amount of drug inthe dosage form at 
time zero. Rearrangement of Eq. 4, substitution for A in Eq. 5, and re- 
arrangement yield 


Substituting for x, in Eq. 6 and rearranging produce: 


(Eq. 7) 


which, when solved using Laplace transform table (8) and rearranged, 
gives: 


Multiplying both sides of Eq. 9 by IOO/Ao yields: 


where fs  = (A,/Ao) X 100 is the cumulative percent dissolved at time 
t. 


If disintegration is more rapid than dissolution (i.e., kd > k,), which 
is generally the case (7), a semilogarithmic plot of (100 - f S )  uersus time 
results in a biexponential curve with a terminal linear segment whose 
slope is equal to -(k,/2.303). The apparent first-order disintegration rate 
constant (kd) can be estimated from the plot using the method of resid- 
uals (10). 


EXPERIMENTAL 


Materials-Anhydrous theophylline', isoniazid2, tetracycline hy- 
drochloride', and ampicillin3 were used for the preparation of standard 
curves as obtained. All tablet and capsule formulations tested (A4, B5, 
C6, D7, E8, and F9) were purchased commercially. 


Dissolution Studies-Dissolution tests were performed using a 
two-blade stirrer apparatus a t  25 or 50 rpm. This apparatus was similar 
to the USP XIX apparatus, except that the basket assembly was replaced 


Sigma Co., St. Louis, Mo. 
BDH Ltd., Poole, England. 


3 The Upjohn Co.. Kalamazoo, Mich. 
4 Isoniazid Tablets (50 mg), Hoffmann-La Roche, Basle, Switzerland. 
6 Theophylline Tablets (125 mg), Riker Laboratories, Northridge, Calif. 
6 Acetaminophen Tablets (500 mg), APM Co., Sult, Jordan. 
1 Ampicillin Capsules (250 mg), Wyeth Laboratories, Philadelphia, Pa. 


Tetracycline Hydrochloride Capsules (25 mg), Lagap SA, Lugano, Switzer- 


Tetracycline Phosphate Capsules (250 mg), Bristol Italiana, Rome, Italy. 
land. 
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Table I-Apparent First-Order Rate Constants and 
Preexponential Coefficients for Dissolution and Disintegration 


Formulation Dosage 
Code Form Qsa k,,min-l Qda kd,  min-' 


A Tahlet 160.0 0.089 69.2 0.321 .. - __~. . ~ . .  


B Tablet 246.4 0.250 143.0 0.461 
C Tablet 168.6 0.165 81.1 0.456 
D Capsule 127.6 0.0859 25.0 0.365 
E Capsule 120.3 0.0619 22.1 0.413 
F Caosule 259.7 0.103 166.8 0.203 


~~ ~ 


(I Q, v d  Q are the preexponential coefficients for dissolution and disintegration, 
respectively fQ8 = 100kd/(kd - ks) and Qd = looks/(kd - ha)] .  


Table 11-Experimentally Determined Disintegration Times 
(DTex,,) and Values Estimated According to  Eq. 11 (DTc.3 


Formulation DT,,,, min ( n  = 6) DTcdc, min DTeXp/DTcaic 


4.0" 13.0 1.08 
1.471 * ,---  , 
0.4 
:0.55) 
6.77 


(2.9) 


(1.09) 
9.92 


(5.6) 
24.6 
(2.09) 


11.4 


9.02 1.15 


9.12 0.74 


11.4 1.0 


10.1 0.98 


20.5 1.2 


Mean. * Standard deviation. 


by a 30-cm long glass shaft with one end attached to the motor and the 
other end equipped with a 7.6-cm glass blade connected in the center to 
the shaft. The dissolution medium, 900 ml of distilled water, was main- 
tained at 37 f 0.1O. The tablet or capsule was dropped directly into the 
vessel, and stirring and timing were initiated. At  the indicated intervals 
(Fig. I), 1-ml samples were withdrawn through a filtration unitlo and 
analyzed spectrophotometrically at the maximum for each drug after 
suitable dilution. 


Disintegration Test-Disintegration times were determined in the 
same apparatus used for the dissolution studies with a minor modifica- 
tion. This modification consisted of a slightly concave, round, 10-mesh 
stainless steel screen placed in the vessel horizontally and anchored on 
the wall so that the distance between the screen center and the vessel 
bottom was 1 cm. The disintegration test was carried out under the same 
conditions as in the dissolution studies. The distance between the blade 
and the screen center (2 cm) was identical to that used in the dissolution 
test. The disintegration time was defined as the time when the disinte- 
grated particles passed through the screen or suspended in the dissolution 
fluid. The described method permits the determination of disintegration 
time under the same conditions as in dissolution tests, as well as obser- 
vation of the disintegration process. 


Estimation of Disintegration Time from Dissolution Data- 
Theoretically, as Eq. 10 indicates, the disintegration time is equal to in- 
finity. However, since the percent remaining for disintegration after six 
disintegration half-lives is equal to 1.56%, which is negligible, it may be 
assumed that the disintegration time DTcalc = 6 t 1 / 2 d  or: 


The values of DTcalc calculated from Eq. 11 coincided well with those 
estimated from the semilogarithmic plots, where D T d ,  was taken as the 
time when the straight-line segment of the curve commences. 


RESULTS AND DISCUSSION 


Figure 1 demonstrates the dissolution profiles obtained for the tablet 
and capsule formulations tested. The selection of these commercial 
products for evaluation of the described method was arbitrary. 


The apparent first-order dissolution and disintegration rate constants 
(k, and kd, respectively) were estimated by plotting log (100 - f s )  uersus 
time and the slope of the terminal linear segment is equal to -(k,/2.303). 
The apparent first-order disintegration rate constant was determined 


lo Millipore. 


I I I 1 1 


5 10 16 20 26 30 
MINUTES 


Figure 1-Dissolution profiles for the formulations tested (mean of sir 
determinations). Key: 0, A; W, B; A, C; 0 , D ;  A, E; 0, F; solid symbols, 
tablets; and open symbols, capsules. 


by plotting the residual (100 - f,) against time semilogarithmically and 
the slope of the resulting straight line equal to -(kd/2.303). The values 
of k, and kd obtained are provided in Table I. 
As demonstrated in Figs. 2 and 3, the fit was adequate, however, better 


fit may have been obtained if the analysis was carried out using nonlinear 
regression analyais. For Formulation B, dissolution was rapid and fewer 
data points were used. 


The estimation of kd and k, also can be achieved by plotting log 
(dA,/dt)  (rate of dissolution) versus time using the method of residuals 
given by: 


dAs - k,kdAo (,-k.t - e - k d t )  
dt kd - k, 


100 'h 200 l.7 kd-k, 
I '\ 


(Eq. 12) 


I 
5 10 16 20 26 30 


MINUTES 


Figure 2-Semilogarithmic plot of 100 minus cumulative percent dis- 
solved (100 - fd against time for Tablet A. Key: 0,  actual ua1ues;and 
U, residual values. 
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its simplicity, is capable of reliably characterizing both dissolution and 
disintegration. In fact, if the percent dissolved-time data are well de- 
scribed by Eq. 10, the amount of drug in small particles a t  any given time 
(A,) can be determined by employing Eq. 12, which permits the pre- 
diction of the disintegration time course. Such an approach is being in- 
vestigated. 


Previous models (5, 6) are in sharp disagreement with the present 
method, which assumes that dissolution occurs at a single rate constant 
throughout the dissolution test. In fact, the early data points that con- 
stitute the first dissolution phase according to previous models (5,6) may 
not only represent dissolution but disintegration as well. By separating 
the disintegration component of these points from that of dissolution, 
a good estimate of the disintegration rate constant (kd) may be ob- 
tained. 


The described method provides a comprehensive, practical, and simple 
tool for the disintegration-dissolution analysis of dissolution rate data 
where familiar mathematics is employed. The good fit of the data ob- 
tained to the developed equation does not imply that drug dissolution 
and disintegration are first order in nature; it indicates that dissolution 
data for conventional tablets and capsules may be described by Eq. 10, 
in which case k, and kd can be estimated graphically. 


\ 


I 
I I I I I I 
5 10 15 20 25 30 


MINUTES 
Figure 3-Semilogarithmic plot of 100 minus cumulative percent dis- 
solved (100 - f$ versus time for Capsule F. Key: 0, actual values; and 
0. residual values. 


which can be derived by solving Eq. 7 to yield 


and substituting for A, in Eq. 3. To estimate kd accurately using Eq. 12, 
dissolution tests should be carried out automatically so that a sufficient 
number of early (dA,/dt) points can be used in the plotting. 


The values of DT.., were in good agreement with those of DTcde 
(Table 11). These data confirm that the method proposed, in addition to 
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Abstract The synthesis, local anesthetic and antiarrhythmic 
properties, and CNS toxicity of 14 2-(3-alkylaminoalkylamido)- 
pyrroles are described. Most of the compounds exhibited local 
anesthetic activity by the guinea pig wheal test, with seven showing 
comparable or greater activity than lidocaine. Most compounds 
also exhibited antiarrhythmic activity; three compounds had 
more potent activity than lidocaine. All compounds exhibiting 
antiarrhythmic activity also were toxic to the CNS. However, two of 
the three compounds having greater activity than lidocaine 
possessed more desirable therapeutic indexes. 


_ _ ~  


Keyphrases 0 2-(3-Alkylaminoalkylamido)pyrroles-synthesis, eval- 
uated for local anesthetic activity in guinea pigs and for antiarrhythmic 
activity and CNS toxicity in mice Anesthetic activity, potential-2- 
(3-alky1aminoalkylamido)pyrroles synthesized and evaluated for activity 
in guinea pigs, structure-activity relationships Antiarrhythmic activity, 
potential-2-(3-alkylaminoalkylamido)pyrroles synthesized and eval- 
uated for activity in mice, structure-activity relationships 0 Struc- 
ture-activity relationships-2-(3-alkylaminoalkylamido)pyrroles syn- 
thesized and evaluated for anesthetic activity and antiarrhythmic activity 
and CNS toxicity in guinea pigs and mice 


Previous publications reported the synthesis and 
pharmacological evaluation of several series of 2-(2-alk- 
ylaminoalky1amido)pyrroles (Ia) as potential local anes- 
thetic and antiarrhythmic agents (1-3). Many of these 
compounds possessed significant activity (1-3), but most 


compounds with the desired activity were also toxic to the 
central nervous system (CNS). 


Several series of antiarrhythmic agents derived from 
substituted anilines were reported recently (4-6). The 
P-amino analog (IIb) of tocainide (IIa) was more potent 
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2,5-Diaziridinyl-3,6- bis (carboethoxyamino) - 
1,4-benzoquinone I: Kinetics in Aqueous Solutions by 
High-Performance Liquid Chromatography 
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Abstract The application of a rapid, selective, and sensitive re- 
versed-phase high-performance liquid chromatographic method to the 
analysis of 2,5-diaziridinyl-3,6-bis(carboethoxyamino)-l,4-ben~uinone 
(I) and its degradation products is described. The method was used to 
study the kinetics of degradation of I over pharmaceutically useful pH 
ranges. The overall reaction rate followed pseudo-first-order kinetics. 
The pH-rate profile demonstrated optimal stability between pH 6.0 and 
6.5. The degradation behavior suggests the existence of multiple path- 
ways. The temperature dependence of the disappearance of I also was 
evaluated from the regression equation derived from the Arrhenius 
plot. 


Keyphrases 2,5-Diaziridinyl-3,6-bis(carboethoxyamino)-1,4-benzo- 
quinone-degradation kinetics, monitoring by high-performance liquid 
chromatography 0 Degradation-2,5-diaziridinyl-3,6-bis(carboethox- 
yamino)-1,4-benzoquinone, kinetics, monitoring by high-performance 
liquid chromatography High-performance liquid chromatography- 
analysis, 2,5-diaziridinyl-3,6-bis(carboethoxyamino)-1,4-benzoquinone, 
degradation kinetics 


The antitumor properties of aziridinylbenzoquinone 
derivatives have been recognized for some time (1,2), and 
these compounds were shown to induce cross-links with 
DNA (3). Interest in this class of compounds was renewed 
due to the recent demonstration of wide spectrum anti- 
tumor activity in experimental tumor systems, particularly 
against central nervous system (CNS) neoplasms (4, 5 ) .  
2,5-Diaziridinyl-3,6 -bis(carboethoxyamino) - l,.l-benzo- 
quinone (I) was selected from a series of potential CNS 
antitumor agents for extensive preclinical studies and 
clinical trial (5 ) .  However, there have been no systematic 
studies reporting qualitative or quantitative data per- 
taining to the hydrolytic stability of this class of com- 
pounds and of this potentially useful pharmaceutical agent 
in particular. 


The present investigation involved development of a 
rapid, simple, selective, and sensitive stability-indicating 
high-pressure liquid chromatographic (HPLC) assay for 
the simultaneous quantification of I and its decomposition 
products. Methods used previously to study the hydrolytic 
behavior of polyfunctional substituted aziridines were 
based only on the disappearance of the total aziridine 


0 
h)J$ NH-c-ocH2cH3 II 


CH3CH20 -C-NH Rz 
II 0 
0 


I: R, = R, = - N a  


11: R, = - N a ,  R, = NHCH,CH,OH 
111: R, = R, = NHCH,CH,OH 


moieties (6-8). The HPLC method was applied to evaluate 
the stability of I over a wide pH range and under various 
pharmaceutically applicable conditions. Decomposition 
products were isolated by semipreparative HPLC and 
characterized chemically; they are described in a separate 
report (9). 


EXPERIMENTAL 


Reagents-Compound I (NSC 182986)' and the internal standard, 
5-chloro-2-pyridino12, were used as received. 2-Aziridinyl-5-(2'-hy- 
droxyethylamino)-3,6-bis(carboethoxyamino)-1,4-benzoquinone (11) and 
2,5- di(2'- hydroxyethylamino) -3,6-bis(carboethoxyamino) - 1,4 - benzo- 
quinone (HI) were isolated by a semipreparative HPLC method from 
partially hydrolyzed samples of I, and their identities were verified by 
comparison of their retention times with those of authentic samples as 
well as by mass spectrometry (9). Acetonitrile3 (distilled in glass) and 
distilled water were filtered through 0.45-pm solvent-resistant filters4. 


Infusion fluids were obtained commercially5 and were utilized as re- 
ceived. All other chemicals were reagent grade. Initially, the influence 
of pH on the stability of I was studied between pH 3.0 and 8.0 using 0.01 
M citrate-phosphate buffer (10) or 0.01 M phosphate buffer (11). When 
necessary, the pH was adjusted6 to within 0.05 pH unit of the nominal 
value with either the basic or acidic component of the buffer. 


HPLC-A modular high-pressure liquid chromatograph equipped 
with a constant-flow pump7 was used to deliver the eluent a t  a rate of 1 
ml/min to a 5-pm reversed-phase columns (250 X 3 mm i.d.). No attempt 
was made to control the column temperature. Injections were made with 
a rotary valve injector equipped with a 10-p1 injection loopg. A vari- 
able-wavelength UV detectorlo, set at 345 nm and 0.1 a d s  deflection, was 
used to detect eluted compounds. The output signals were recorded with 
a strip-chart recorder". 


The chromatographic mobile phase was 15% (v/v) acetonitrile in dis- 
tilled water. The column pressure at  a flow rate of 1 ml/mia was -2100 
psi. Separations were effected isocratically at room temperature, and the, 
chart speed was 1 cm/min. The chromatographic parameters, i.e., the 
capacity factor (k') ,  the separation factor (a), and the resolution (Rs), 
of various solutes were calculated from the adjusted retention volumes 
(12). 


Peak heights were used to quantitate I and its hydrolysis products. 
Standard curves comparing the ratios of the peak heights of 1-111 to 5 pg 
of the internal standard exhibited linear responses ( r  > 0.999) in the 
working concentration range of 5-50 wg/ml. The peak heights of 1-111 were 
converted to concentrations by comparison with standard curves. 


M stock solution of I 
in N,N-dimethylacetamide was added to -95 ml of the appropriate 
medium, and the volume was rapidly brought to 100.0 ml with the same 
medium. The resulting solution was shaken and filtered4, and a zero-time 


One milliliter of a freshly prepared 2.75 X 


Developmental Therapeutics Program, National Cancer Institute, National 


Aldrich Chemical Co., Milwaukee, Wis. 
Burdick & Jackson Laboratories, Muskegon, Mich. 


Sodium chloride injection USP (lot 64-856-DE-2),5% dextrose injection USP 
(lot 51-688-DE-2), and lactated Ringer's injection USP (lot 62-458-DE-2), Abbott 
Laboratories, North Chicago, 111. 


Beckman Zeromatic pH meter, Beckman Instruments, Irvine, Calif. 


&co Instruments Co., Houston, Tex. 


Institutes of Health, Bethesda, Md. 


' Millipore Corp., Bedford, Mass. 


' Model 35M)B, Spectra-Physics, Santa Clara, Calif. 
8 S herisorb ODS (5 am), Spectra-Physics, Santa Clara, Calif. 


lo Model SP 770, Spectra-Physics, Santa Clara, Calif. 
11 OmniScribe, Houston Instruments, Austin, Tex. 
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Figure 1-High-performance liquid chromatogram of I-III and the 
internal standard (REF). The column conditions are given in the 
text. 


sample was assayed immediately. The remaining solution was promptly 
dispensed (3.0 ml) into 5-ml clean flint ampuls, sealed, and stored a t  5 
f 0.1,25 f 0.1,37 f 0.1, and 50 f 0.1' for a period not exceeding 30 days. 
The pH of each sample was determined prior to dilution for the 
assay6. 


At designated time intervals, duplicate 1.0-ml samples were removed, 
diluted to 2.0 ml with 15% (v/v) acetonitrile in water containing 1.0 mg 
of the internal standard/ml, and immediately subjected to analysis. 
Disappearance of I was followed beyond its second half-life. Samples were 
removed for analysis at a minimum of 10 different time intervals per 
experimental condition during each experiment. 


RESULTS AND DISCUSSION 


Solubility Studies-Since I has poor aqueous solubility (-200 pg/ml), 
mixed solvent systems are required to achieve the desired concentration 
for intravenous injection. Although I has better solubility in ethanol (2 
mg/ml), a 10% ethanolic solution did not improve its solubility. However, 
solutions of I (2.75 X M) were readily prepared by dissolving 20 mg 
in 1 ml of N,N-dimethylacetamide and then diluting the solution with 
19 volumes of water or buffer. Antitumor data (4) and preliminary toxi- 
cological studies12 indicated that this concentration was adequate for 
preclinical and clinical studies. 


Assay Sensitivity-Colorimetric (6, 7) and titrimetric (8) methods 
were reported for the quantitative determination of aziridinyl com- 
pounds. The colorimetric method is based on a comparison between a 
reference and a partially decomposed sample in which some aziridine 
moieties were destroyed. However, in the case of I, the method does not 
distinguish quantitatively between intact, partially reacted, or fully 
reacted species. The titrimetric method is based on a reaction of the 
ethyleneimine ring with thiosulfate ion and provides a measure of intact 
aziridine moieties. Likewise, no distinction can be made between a 
mixture of unreacted, fully decomposed polyfunctional aziridines and 
a mixture of partially reacted species. 


In a compound with polyfunctional ethyleneimine moieties, it  was 
expected that ring opening may not proceed simultaneously but rather 
in discrete steps. Development of a simple, rapid, selective, and sensitive 
quantitative HPLC-UV assay for I and its various decomposition 


~~ ____ 


l* R. Davis, Laboratory of Toxicology, National Cancer Institute, Bethesda, Md., 
personal communication. 


Table I-Retention Volume ( VR). Capacity Factor (k'), 
Sevaration Factor (u). and Resolution (R.) of Various Solutesa 


Compound VR, ml k' a Rs 
111 3.00 2.00 


Internal standard 3.65 2.65 
1.33 2.70 


1.32 2.83 
I1 


IV 


I 


4.50 3.50 
1.16 1.66 


5.05 4.05 


8.50 7.50 
1.85 6.08 


Retention data of various solutes from a 250 X 3-mm id. stainlesa steel 
Spherisorb ODS (5-rm particles) column; the mobile phase was 15% acetonitrile 
in water at a flow rate of 1 ml/min; UV detection was at 345 nm. 


products confirmed this supposition. The response curve of I was linear 
( r  > 0.999) in the concentration range examined (5-50 pg/ml). Good re- 
producibility of the described HPLC procedure using UV detection was 
demonstrated when six 10-111 aliquots of a standard solution of I in the 
presence of 11,111, and internal standard were chromatographed. The 
coefficient of variation of I was 0.48%, and the minimum detectable limit 
of I was 3 ng. 


During the study, there was no noticeable loss in column performance. 
As a precaution, the column was reconditioned according to the manu- 
facturer's suggestions when not in use for more than a few days. 


The order of elution was 111, the internal standard, 11, and I (Fig. 1). 
A representative chromatogram of a synthetic mixture of 1-111 and the 
internal standard is shown in Fig. 1. The retention data for these sub- 
stances are listed in Table I. 


The retention volumes ( VR in milliliters), k', a, and R, for I and various 
decomposition products were identical to those reported for the synthetic 
mixture. The impurity found in the original sample of I was identified 
as 2,5-diamino-2,6-dichloro-1,4-benzoquinone (IV) (9). 


Order of Reactions-The hydration of I-aziridinylbenzoquinones 
in acid solutions (13) was reported to be more rapid than that of l-un- 
substituted basic aziridines (14, 15). Such substituents on an aziridine 
nitrogen are expected to increase markedly the reactivity of the proton- 
ated ring; hence, these compounds more closely resemble activated az- 
iridines than basic aziridines in their reactions. Such an activated aziri- 
dine, in addition to being sensitive to acidic reagents, also may undergo 
ring opening with nucleophilic reagents. 


The results of the present investigation confirmed the high reactivity 
of I in aqueous solution. Semilog plots of residual concentrations of I 
uersus time exhibited excellent linearity ( r  > 0.99) for experiments a t  
all temperatures examined and pH 3.0-8.0. The disappearance of I fol- 
lowed pseudo-first-order kinetics under the conditions studied and was 
in accord with previous observations on aziridines (16). The degradation 
rate constants of I were computed by the least-squares linear regression 
method. Table I1 presents the calculated pseudo-first-order rate con- 
stants a t  fixed concentrations of I (2.75 X lo-' M) and buffer (0.01 M) 
and constant temperature (25 f 0.1') over the pH range of 3.0-8.0. Du- 
plicate experiments were performed for certain experimental conditions 
to verify the results. Rate constants from duplicate runs in these studies 
differed by <5%. 


Influence of pH-The pH-rate profile for the degradation of I was 
constructed from the logarithm of the pseudo-first-order rate constants 
and the pH values a t  25 rt 0.1' (Fig. 2). The buffering capacities of all of 
the solutions were sufficient to maintain constant pH values (f0.05) 
throughout the experiment, with the exception of the pH 8.0 solution. 
In this case, values as low as pH 7.4 were recorded. 


The pH-rate profile showed a degradation minimum between pH 
6.0 and 6.5 (Fig. 2). The observed results are in accord with those reported 


Table 11-Pseudo-First-Order Rate Constants for  Loss of I (2.75 
X lo-' M) in  Solutions at Different pH Values and 25 f 0.1" 


koba X lo2, day-' PH 
2.0 763 
5.0 
Unbuffered 
6.0 
6.5 


. _ _  
62.6 
5.10 
3.63 
3.07 


7.0 4.22 
8.0 12.97 
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Figure 2-Log k versus pH profile for the decomposition of I (2.75 X 


M) at 25 f O.Io .  


for ethyleneiminoquinones, in which the hydrolysis rate of the ethyl- 
eneimino group increased with decreasing pH (2). Moreover, I in un- 
buffered solution (pH - 6) degraded faster than in pH 6.0 buffer (Table 
11). This accelerated decomposition of 1 undoubtedly was caused by the 
inability of the unbuffered solution to maintain a constant pH throughout 
the reaction (maximum decrease in pH = 0.5 unit). 


The influence of the solution pH on the degradation pattern of I was 
dramatic. Based on the present findings, several degradation reactions 
appeared to be responsible for the decomposition of I in phosphate buffer 
(0.01 M). The relative importance of each reaction was dependent on the 
solution pH. In,strongly acid solutions (pH = l),  I apparently degraded 
instantaneously to yield the dialcohol (111). Under alkaline conditions, 
the high-performance liquid chromatograms showed the presence of a 
hydrophilic peak at  the void volume, which is characterized in a separate 
report (9). The intensity of this peak increased gradually as the solution 
pH was raised (>6), and this peak was the only degradation peak detected 
in the chromatogram in strongly alkaline solution. In weakly acidic so- 
lution (pH 5 LO), I underwent simple, stepwise, consecutive hydrolytic 
cleavage of the aziridine rings to produce the monoalcohol (11) and 
eventually the dialcohol (IIX) (9). The concentration of XI in such solutions 
of I also was pH dependent and showed a concentration maximum at  
-pH 5. 


Influence of Temperature-An Arrhenius plot of the pseudo-first- 
order rate constants ( k )  at varying temperatures (5 f 0.1,25 i 0.1,37 f 


Table 111-Stability of I in Reconstituted Solution and in 
Various Infusion Fluids at Ambient TemDerature 


Medium 
Admixture 


Solution pH Tm. hra 


Reconstituted solution * 6.50 84 
Lactated Ringer's injection USPC 6.40 60 


5% Dextrose injection USPC 5.60 36 
Sodium chloride injection USPc 6.30 44 


a Time for 10% of the original concentration of I to disappear. 2.75 X M 
I. c 5.50 x 10-5 M I. 


0. 


1. 


* 
0 


I 
5 


1 


2.0. 


I I I I I 
320 340 360 


+ x  105 


Figure 3-Arrhenius plots for apparent pseudo-first-order rate con- 
stants for the disappearance of Z in pH 6.5 phosphate buffer solu- 
tion. 


0.1, and 50 f 0.1') in the presence of a constant phosphate buffer con- 
centration (0.01 M), constant concentration of I (2.75 X M), and a 
constant pH (6.5) is shown in Fig. 3. The apparent Arrhenius parameters 
for the disappearance of I were calculated from the regression equation 
(r > 0.99). The apparent activation energy was 14.0 kcal/mole, and the 
frequency factor ( A )  was 7.70 X 103 sec-'. 


Stability of I in Various Infusion Fluids-To test the compatibility 
of I, its degradation was followed in several commercially available 
infusion fluids: 5% dextrose injection USP, sodium chloride injection 
USP, and lactated Ringer's injection USP. A 0.5-ml portion of the stock 
solution of I was diluted 10-fold with 0.01 M phosphate buffer (pH 6.50). 
The resultant solution was filtered and diluted with 245 ml of infusion 
fluid to yield a 5.50 X A4 solution. The admixture solutions were kept 
a t  ambient temperature (20 i 0.5'), and the residual concentration of 
I and the pH were determined for at least 72 hr. The investigations usually 
were discontinued when the initial concentrati'on of I had decreased by 
25%. 


The observed 2'90 values (time for 10% decomposition of original 
concentration of I) a t  ambient temperature determined from the re- 
spective plots of concentration versus time are summarized in Table 111. 
Important factors influencing the stability of I in these infusion fluids 
were the pH of the admixture solution, which, in turn, was dependent 
on the pH of the respective fluid, and the chloride concentration in the 
fluids (9). The chromatographic analyses of both sodium chloride and 
lactated Ringer's injection containing I indicated, in addition to the hy- 
drolytic products I1 and 111, a trace amount (<3% at Tw) of a compound 
identified by mass spectrometry as 2-aziridinyl-5-(2'-chloroethyl- 
amino)-3,6-bis(carboethoxyamino)-1,4-benzoquinone (VI) (9). 


Formulation Studies-Data from the solubility and hydrolysis ex- 
periments were used to develop a stable injectable formulation of I. The 
hydrolysis rate of I, even within the optimal pH range (6.0-6.5), was too 
rapid for formulation as an aqueous solution. Instead, I was prepared as 
a sterile, dry product using low-temperature vacuum drying (17). Spe- 
cifically, solutions of I in ethanol (3.7 x M) are sterilized by filtration 
through 0.22-~m polytef membranes4, dispensed into vials, and dried 
aseptically under low temperature in a conventional freeze drier. This 
product is supplied as one part of a three-component package, which also 
includes a sterile solution of N,N-dimethylacetamide and pH 6.5 sodium 
phosphate buffer (0.01 M). At the time of use, the vial contents are dis- 
solved completely in sterile N,N-dimethylacetamide (0.5 ml) and then 
diluted with phosphate buffer (9.5 ml). Reconstituted solutions are 
chemically and physically stable for 84 hr a t  25 f 0.1' (Table 111). This 
method is necessary for the convenient solution preparation since dis- 
solution of intact I in 10% N,N-dimethylacetamide solution is very 
slow. 
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Abstract A direct high-performance liquid chromatographic (HPLC) 
method was applied to monitor 2,5-diaziridinyl-3,6-bis(carboethoxy- 
amino)-l,4-benzoquinone (I) and its degradation products in pharma- 
ceutical vehicles at 25 f 0.1O. At the optimal pH for stability of I, an in- 
crease in buffer concentration [phosphate and tris(hydroxymethy1)- 
aminomethane] or ionic strength accelerated degradation. The reaction 
rate in the solutions studied followed pseudo-first-order kinetics. Deg- 
radation products were characterized by mass spectrometry after isola- 
tion by semipreparative HPLC. Different degradation pathways pre- 
vailed in acidic and basic media. The acid-catalyzed reaction resulted 
in consecutive aziridine ring opening, while the base-catalyzed reaction 
led to nucleophilic displacement of the aziridine ring(& 


Keyphrases 0 2,B-Diaziridinyl - 3,6 - bis(carboethoxyamino)-1,4-ben- 
zoquinone-isolation and characterization of degradation products 0 
Degradation-2,5-diaziridinyl-3,6- bis(carboethoxyamino)-1,4-benzo- 
quinone, isolation and characterization of degradation products 
High-performance liquid chromatography-analysis, 2,5-diaziridinyl- 
3,6-bis(carboethoxyamino)-1,4-benzoquinone and degradation prod- 
ucts 


The chemical behavior of a new drug in solution as well 
as the number and nature of degradation products and any 
impurities present in such a solution is always important. 
2,5-Diaziridinyl-3,6 - bis(carboethoxyamino)-l,4-benzo- 
quinone (I), a potential central nervous system (CNS) 
antitumor agent administered intravenously, is currently 
in Phase I of clinical trial. As part of a continuing study 
concerning the reactivity of I (l), the high-performance 
liquid chromatographic (HPLC) assay was applied to as- 
sess the influence of various pharmaceutical parameters 
(nature and concentration of the buffer, ionic strength, and 


storage conditions) on the stability of I in aqueous solu- 
tion. 


This report also describes the semipreparative HPLC 
isolation and the mass spectrometric structure determi- 
nation of the major impurity as well as the degradation 
products of I generated in various pharmaceutical media. 
A combination of other methods (UV and NMR spec- 
troscopy) and comparison with authentic synthetic ma- 
terials also were used when sufficient sample was avail- 
able. 


This investigation defined the degradation behavior of 
I in solution with various pharmaceutically useful reagents 
to optimize its formulation and proper pharmaceutical use. 
In addition, the information accumulated here will serve 
as a foundation for the delineation of degradation products 
and metabolites of I in future pharmacokinetic studies. 


EXPERIMENTAL 


Reagents-Compound I (NSC 182986)’ and the internal standard, 
5-chloro-2-pyridinol*, were used as supplied. 2-Aziridinyl-5-(2’-hydrox- 
yethanolamino) - 3,6- bis (carboethoxyamino) - 1,4-benzoquinone (11) and 
2,5 - di(2’-hydroxyethylamino)-3,6-bis(carboethoxyamino) - 1,4-benzo- 
quinone (111) were isolated by semipreparative HPLC from partially 
hydrolyzed I and were characterized as will be described. Acetonitrile3 
(distilled in glass) and distilled water were filtered through 0.45-pm 
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when the mass spectrometer was operated in the full-scan 
mode. However, when the sample was analyzed in the more 
sensitive selected-ion mode, with the mass spectrometer 
focussed only on ions of mass 149 and 167, which are 
prominent in the spectrum of bis(2-ethylhexyl) phthalate 
(€9, the presence of this compound was indicated. 


Careful reassessment of the entire oxprenolol assay re- 
vealed that the only plastic material used was about 2 m 
of polyvinyl chloride tubing attached to a Pasteur pipet; 
it was employed to blow nitrogen over the tubes in a water 
bath for solvent removal. When this polyvinyl chloride 
tubing was replaced with polytetrafluoroethylene tubing, 
clean blanks were achieved. 
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Effects of Spermine and Spermidine on 
Gastric Emptying in Rats 


Keyphrases Spermine-effects on gastric emptying in rats, struc- 
ture-activity relationships Spermidine-effects on gastric emptying 
in rats, structure-activity relationships o Structure-activity relation- 
ships-spermidine and spermine, effects on gastric emptying in rats 


To the Editor: 
Spermine and spermidine have been intensively studied 


with regard to their function in cellular metabolism and, 
more recently, their role in normal and neoplastic growth 
(1). These biogenic amines were reported (2) to occur in 
relatively high concentrations in the GI tract, but no pre- 
cise physiological role has been attributed to them. 


Recently, we reported that a branched-chain polyeth- 
yleneamine (mol. wt. >600) greatly inhibited gastric 
emptying in the rat while an isomeric linear version of this 
same polymer was essentially inactive (3). Since the re- 
peating unit in both branched and linear polyethyl- 
eneimine is somewhat similar to that of spermine and 
spermidine, we decided to measure the effect of spermine, 
spermidine, and related small molecule polyamines on the 
stomach emptying rate in the rat. 


Table I-Effects of Polyamines on Gastric Emptying in the Rat 


Dose, Inhibition 
Molecular mg/kg at  4 hr, 


Compound Weight PO %” 


Diethylenetriamine 103 250 0 
Triethylenetetramine 146 250 0 
N,N1-Bis(3-aminopropyl)piperazine 200 250 23 
(N-Aminoethyl)-1,4-diaminobutane 131 250 36 
Spermidine 145 250 87 
Polyethyleneimine >40,000 250 92 


Polyethyleneimine (linear) >10,OOO 250 11 
(commercial product) 


a Resin bead method: see Ref. 3 


The results of initial studies (Table I) indicate that the 
naturally occurring polyamines, spermine and spermidine, 
are highly effective in reducing gastric emptying in the rat. 
Certain clogely related commercially available polyamines, 
such as diethylenetriamine and triethylenetetramine, are 
completely inactive. Other analogs such as (N-ami- 
noethyl)-1,4-diaminobutane and N,N1- bis(3-aminopro- 
py1)piperazine have weak activity. 


The structure-activity (inhibition of gastric emptying) 
of these compounds may be summarized as follows: 


H z N ( C H ~ ) ~ N H ( C H ~ ) ~ N H ( C H ~ ) , N H ~  
m = 3, n = 4 spermine (very active) 
m = 2, n = 2 triethylenetetramine (inactive) 


H ~ N ( C H Z ) ~ N H ( C H ~ ) ~ N H Z  
m = 3, n = 4 spermidine (very active) 
m = 2, n = 4 N-aminoethyl-1,4-diaminobutane (low activity) 
m = 2, n = 2 diethylenetriamine (inactive) 


n H2N(CHdrnN y N ( C H d m N H 2  
m = 3 N,N1-bis(3-aminopropyl)piperazine (low activity) 


These results indicate that gastric emptying inhibition 
in the rat by both polymeric and low molecular weight 
polyamines is clearly dependent on chemical structure. 
The reason for this structural specificity is not known. The 
results suggest, however, that endogenous spermine and 
spermidine may have some unrecognized GI secretomotor 
activity that can be duplicated by conformationally similar 
synthetic materials. 
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its simplicity, is capable of reliably characterizing both dissolution and 
disintegration. In fact, if the percent dissolved-time data are well de- 
scribed by Eq. 10, the amount of drug in small particles a t  any given time 
(A,) can be determined by employing Eq. 12, which permits the pre- 
diction of the disintegration time course. Such an approach is being in- 
vestigated. 


Previous models (5, 6) are in sharp disagreement with the present 
method, which assumes that dissolution occurs at a single rate constant 
throughout the dissolution test. In fact, the early data points that con- 
stitute the first dissolution phase according to previous models (5,6) may 
not only represent dissolution but disintegration as well. By separating 
the disintegration component of these points from that of dissolution, 
a good estimate of the disintegration rate constant (kd) may be ob- 
tained. 


The described method provides a comprehensive, practical, and simple 
tool for the disintegration-dissolution analysis of dissolution rate data 
where familiar mathematics is employed. The good fit of the data ob- 
tained to the developed equation does not imply that drug dissolution 
and disintegration are first order in nature; it indicates that dissolution 
data for conventional tablets and capsules may be described by Eq. 10, 
in which case k, and kd can be estimated graphically. 


\ 


I 
I I I I I I 
5 10 15 20 25 30 


MINUTES 
Figure 3-Semilogarithmic plot of 100 minus cumulative percent dis- 
solved (100 - f$ versus time for Capsule F. Key: 0, actual values; and 
0. residual values. 


which can be derived by solving Eq. 7 to yield 


and substituting for A, in Eq. 3. To estimate kd accurately using Eq. 12, 
dissolution tests should be carried out automatically so that a sufficient 
number of early (dA,/dt) points can be used in the plotting. 


The values of DT.., were in good agreement with those of DTcde 
(Table 11). These data confirm that the method proposed, in addition to 
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Abstract The synthesis, local anesthetic and antiarrhythmic 
properties, and CNS toxicity of 14 2-(3-alkylaminoalkylamido)- 
pyrroles are described. Most of the compounds exhibited local 
anesthetic activity by the guinea pig wheal test, with seven showing 
comparable or greater activity than lidocaine. Most compounds 
also exhibited antiarrhythmic activity; three compounds had 
more potent activity than lidocaine. All compounds exhibiting 
antiarrhythmic activity also were toxic to the CNS. However, two of 
the three compounds having greater activity than lidocaine 
possessed more desirable therapeutic indexes. 


_ _ ~  


Keyphrases 0 2-(3-Alkylaminoalkylamido)pyrroles-synthesis, eval- 
uated for local anesthetic activity in guinea pigs and for antiarrhythmic 
activity and CNS toxicity in mice Anesthetic activity, potential-2- 
(3-alky1aminoalkylamido)pyrroles synthesized and evaluated for activity 
in guinea pigs, structure-activity relationships Antiarrhythmic activity, 
potential-2-(3-alkylaminoalkylamido)pyrroles synthesized and eval- 
uated for activity in mice, structure-activity relationships 0 Struc- 
ture-activity relationships-2-(3-alkylaminoalkylamido)pyrroles syn- 
thesized and evaluated for anesthetic activity and antiarrhythmic activity 
and CNS toxicity in guinea pigs and mice 


Previous publications reported the synthesis and 
pharmacological evaluation of several series of 2-(2-alk- 
ylaminoalky1amido)pyrroles (Ia) as potential local anes- 
thetic and antiarrhythmic agents (1-3). Many of these 
compounds possessed significant activity (1-3), but most 


compounds with the desired activity were also toxic to the 
central nervous system (CNS). 


Several series of antiarrhythmic agents derived from 
substituted anilines were reported recently (4-6). The 
P-amino analog (IIb) of tocainide (IIa) was more potent 
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Table I-Data for Amides of Substituted 2-Aminoavrroles i $  
Recrystallization Analysis, % 


Compound R1 Rz R.1 Melting Point Rfn Solvent Yield, % Formula Calc. Found 


IIIa 


IIIb 


IIIC 


IIId 


IIIe 


IIIf 


JIIg 


1IIh 


(33.1 CHs CH=CHCHs 174.5-175.5' 0.46 


CfiH5 H CH2CHzCl 


134.5-135.5' 0.50 


141.5-142.5' 0.66 


181.5-182.5' 0.47 


209-210' dec. 0.55 


176-176.5' 0.54 


221.5-222' 0.55 


157-158' 0.54 


Methanol 


Benzene 


Methanol- 
water (4:l) 


Ethanol 


Ethanol 


Ethanol 


Ethanol 


Ethanol 


42.3 


82.8 


88.6 


64.8 


86.0 


88.0 


90.4 


92.8 


C 63.90 
H 7.43 
N 17.71 
C 48.33 
H 5.41 
Br 26.80 
N 14.09 
C 46.49 
H 4.97 
Br 28.12 
N 14.79 
C 55.12 
H 5.89 
C1 14.79 
N 17.53 
C 53.22 
H 5.36 
C1 15.71 
N 18.62 
C 55.11 
H 5.89 
C1 14.79 
N 17.53 
C 62.61 
H 4.90 
C1 12.32 
N 14.60 
C 63.68 
H 5.35 
C1 11.75 
N 13.92 


63.87 
7.54 


17.77 
48.36 
5.41 


26.76 
14.05 
46.68 
5.01 


27.93 
14.83 
55.06 
5.94 


14.69 
17.51 
53.27 
5.39 


15.66 
18.62 
55.22 
5.96 


14.77 
17.55 
62.68 
4.95 


12.29 
14.61 
63.73 
5.38 


11.76 
13.93 


" Ethyl acetate 


and had a more favorable therapeutic ratio for CNS side- 
effects in animals than tocainide (6). Therefore, elongation 
of the intermediate chain between amide and amine 
functions might improve the pharmacological properties 
of aminoanilides related to lidocaine. The transfer of this 
method to a series of pyrrole analogs of lidocaine was 
considered a reasonable approach to enhance antiar- 
rhythmic activity and to decrease CNS toxicity in this new 
class of antiarrhythmic agents. 


As an extension of the 2-(2-alkylaminoalkylamido)- 
pyrrole (Ia) research, the synthesis and pharmacological 
evaluation of 14 2-(3-alkylaminoalkylamido)pyrroles (Ib) 
are presented. Compounds with a more acceptable thera- 
peutic index than those previously reported are being 
sought. 


R 


/R R N-C-(CH,),-CH-N 


I 'R 
R 


I 1  
R H  


I a : n = O  
I b : n = l  


I I a : n = O  
IIb: n = 1 


RESULTS AND DISCUSSION 


Chemistry-Acylation of various substituted 2-amino-3-cyanopyr- 
roles (7-10) with 3-bromobutyryl chloride ( l l ) ,  trans-2-butenoyl chloride, 
or 3-chloropropionyl chloride in acetone, utilizing pyridine as a base, gave 
the requisite amide (IIIa-IIIh) precursors to the 2-(3-alkylaminoalk- 
y1amido)pyrroles (Ib) (Table I). The purity of these amides was deter- 
mined by elemental analyses and TLC. IR and NMR spectra were con- 
sistent with the assigned structures. 


The various substituted 2-(3-alkylaminoalkylamido)-3-cyanopyrroles 
(IVa-IV1) (Table 11) were obtained either by Michael addition of a pri- 
mary or secondary amine to the 2-butenamide (IIIa) or by nucleophilic 
displacement of the halogen of the 0-haloamides (1IIb-IIIh) by the ap- 
propriate primary or secondary amine. For both methods, the products 
were obtained after refluxing (6-12 hr) the requisite amide (IIIa -1IIh) 
in ethanol or 2-propanol with a four- to fivefold excess of amine. 


The crude products were isolated by removal of the alcohol and excess 
unreacted amines i n  uacuo. The residues were dissolved in 5-10s HCl 
and filtered, and the aqueous filtrates were made alkaline (pH 9-10) with 
10% NaOH. The solid products ( W e ,  IVf, IVi, IVj, and IVl) were col- 
lected and purified further by recrystallization from methanol-water 
(4:l). The amines that oiled or gummed upon addition of alkali were 
extracted into chloroform, and the chloroform was removed in uaeuo after 
drying. The residues were dissolved in an appropriate boiling solvent, 
treated with charcoal, and collected as oils or gums upon cooling. 


The 2-(3-alkylaminoalkylamido)-3-carbamylpyrroles (IVm and IVn) 
were obtained by hydrolysis of the nitrile in IVi and IVj, respectively, 
in 85% phosphoric acid at 125-130" for 5 min. The free amines were 
precipitated by alkalinization of the cold dilute phosphoric acid solutions 
with 20% NaOH. 


Percent yields, melting points, and purification data for the 2-(3-alk- 
ylaminoalky1amido)pyrroles (IVa-IVn) are given in Table 11. These 
amines were characterized as their corresponding hydrochloride salts. 


The 2-(3-alkylaminoalkylamido)pyrrole hydrochlorides (Va-Vf and 
Vh-Vn) were prepared by treating an acetone solution or suspension of 
the corresponding free bases with a slight excess of concentrated hy- 
drochloric acid. In the case of IVg, the hydrochloride salt (Vg) precipi- 
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Table 11-Data for Allrylaminoalkylamides of Substituted 2-Aminopyrroles and 
Corresponding Hydrochloride Salts 


Recrvstal- 
Com- 
wund Ri Rz R3 


Anal is 96 * Me1 t i n g lizaiion 
R4 Precursor Point Rt Solvent" Yieldb, 96 Formula 


- - - Cyclohexane - Ci6&&0 
0.28' -d 50.0 Ci&$ClNiO C 59.15 58.90 


H 7.76 7.75 


IVa CH3 CH3 CN 
Va Hydrochloride 


C H F H - ~  1110 Gum 
IVa 222- 


223' I 
CH, c1 10.91 10.83 


N 17.25 17.16 


C 60.25 60.36 
H 8.04 8.07 
C1 10.46 10.42 
N 16.53 16.49 


- - CH3 CH3 CN 
Hydrochloride 


C yclohexane 
-d 


IVb 
Vb 


IVC 


v c  


IVd 
Vd 


IVe 


Ve 


IVf 


Vf 


IVgf 
v g  


IVh 
Vh 


IVi 


Vi 


IVj 


Vj  


IVk 


Vk 


IV1 


Vl 


IVm 


Vm 


IVn 


Vn 


- 
0.53c 


- 
0.36c 


- 
0 .06e  


0.47* 


0.24' 


0.47e 


0.53e 


- 
0.26e 


- 
0.38' 


- 


0 . w  


- 
0.23e 


- 


0.21e 


- 


- 
73.8 


- 
74.0 


- 
53.5 


83.3 


89.2 


32.0 


72.0 


- 
65.0 


- 
65.0 


93.5 


94.1 


84.5 


88.3 


43.3 


64.7 


CH3 CH3 CN 


Hydrochloride 


CH,CH-N-~C,H, IIIb Gum 
I I  IVC 208.5- 


209.5O 
dec. 


%H 


Cyclohexane- 


-d 
benzene (61) 


C 57.52 57.44 
H 8.39 8.33 
C1 10.61 10.57 
N 16.77 16.75 


c 58.79 58.57 
H 8.33 8.38 
C1 10.85 10.81 
N 17.14 17.08 


- - CH3 CH3. CN 
Hydrochloride 


Cyclohexane 
Water 


CW-N-iso-C,H, IIIa Gum 
IVd 194- 


194.5' 
dec. 


CH3 H CN 


Hydrochloride 


IIIC i 6 a  
CHm-0 169' 


95.5' 
I IVe 94.0- 


a 3  


Methanol- 
water (41) 


-d c 54.78 54.80 
H 7.66 7.66 
C1 10.78 10.80 
N 17.04 17.04 


CH3 H CN 


Hydrochloride 


Methanol- 
water (41) 


acetone (1:lO) 
2-Propanol- 


/GI% IIIC 156.5- 
158' 


1210 
c 55.84 55.84 
H 8.15 8.18 
c1 10.99 11.01 
N 17.37 17.35 


CH2CH-N-n-C4Hp IIIc - CH3 H CN 
Hydrochloride 


- 
Water 


- - 
C 52.09 52.09 
H 7.29 7.40 
C1 10.25 10.22 
N 16.20 16.21 


C 57.59 57.36 
H 8.06 8.09 
C1 11.33 11.27 
N 17.91 17.83 


- - 


- - 


C 53.07 53.14 
H 7.95 7.95 
C1 11.19 11.17 
N 17.68 17.69 - - 


___. 


IVg 180.5- 
181.5' 


,cJ.& IIId Gum Cyclohexane 
d - 


CH3 CH3 CN 
Hydrochloride CH#X&-N' IVh 169- 


\GI% 171.5O 
dec. 


CH3 H CN 


Hydrochloride 


/GI% IIIe 126.5- 
" X - N  127O 


\c& IVi 183.5- 
184.5' 


Methanol- 
water (41) 


d - 


CzHs H CN 


Hydrochloride 


IIIf 


IVj 


122.5- 


8 0 - 8 5 O  
123.5' 


(hydrate) 
(151.5- 
152.5') 


Methanol- 
water (41) 


-d c 54.45 54.47 
H 8.23 8.25 
C1 10.72 10.75 
N 16.93 16.93 
- - c& H CN 


Hydrochloride 
/c& IIIg Oil 


'w IVk 140.5- 
W H 2 - N  


141.5O 


Methanol- 


Methanol- 
water (1:l) 


acetone (1:lO) 
C 62.92 63.02 
H 7.00 7.08 
c1 9.78 10.01 
N 15.45 15.22 


CHz- H CN 
C6HS 
Hydrochloride 


/GI% IIIh 120- 


IVJ 168- 
CH&Hz-N 1 2 1 O  


169O 


Methanol- 


0.21b 


- 


0.07 


- 
0.07 


water (41) 
-d 


Methanol- 


2-Propanol 
water (1:2) 


Methanol- 
water (73) 


d - 


93.1 


71.3 


83.1 


85.1 


88.9 


C 
H 
c1 
N 


C 
H 
c1 
N 


C 
H 


61.13 
7.44 
9.02 


14.26 - 
53.07 
7.95 


11.19 
17.68 
- 


54.45 
8.23 


61.17 
7.45 
9.04 


14.28 . 
- 


52.98 
8.02 


11.21 
17.69 
- 


54.51 
8.26 


CH3 H CONHz 


Hydrochloride 


/W, IVi 145- 


IVm 213- 
CH&Hz-N 146' 


214' 
dec. 


CzHs H CONHz /C& IVj 126- 
CHFHz-N 126.5' 


Hydrochloride \cJ.& IVn 194- 
195O 


Cl 10.72 10.75 
N 16.93 16.94 


~~ 


a The oila and gums were diasolved in boilin recrystallization solvent(s), treated with activated charcoal, filtered, and collected as o$ or gums after cooling. Where 
yields were not reported for free mine, the yiefd for salt was b a d  on the haloamide or crotonamide precursor. C Acetone. Hydrochlorlde salt obmned was analW& 
pure. 8 Ethyl acetate. f Hydrochloride was formed during workup procedure; therefore, free base was not isolated. 







tated upon addition of 5% HC1 to the crude residue remaining after re- 
moval of the reaction solvent and excess n-butylamine in uacuo. 


Data for the hydrochloride salts (Va-Vn) are given in Table 11. These 
compounds were characterized on the basis of elemental analyses, TLC, 
and IR and NMR spectral data. 


The P-haloamides and final products possessing an asymmetric center 
were obtained as racemic mixtures in this work. 


Pharmacology-Local Anesthetic Actioity-Activity was observed 
for all compounds evatuated at  a solution concentration of 0.50%. No- 
ticeable differentiation in local anesthetic activity was observed at 0.25%. 
At  that concentration, Va-Vd were more potent than lidocaine, Vk, Vl, 
and Vn were comparable in potency, and all remaining compounds were 
less potent. 


Further evaluation of Va-Vd at a 0.125% solution concentration 
demonstrated their superiority over lidocaine under these test conditions. 
The durations of local anesthetic activity were 1.67,1.42,2.67, and 1.75 
times longer than that of lidocaine (Table 111). 


Local anesthetic data previously reported (3) and the present results 
strongly support the introduction of a methyl group on the pyrrole ni- 
trogen to augment local anesthetic activity. This finding applies for the 
2-(2-alkylaminoalkylamido)pyrroles (Ia) and the 2-(3-alkylaminoalk- 
y1amido)pyrroles (Ib). The present work shows that the Ib compounds 
are substantially more potent local anesthetics than their corresponding 
a-amine homologs (10). 


Antiarrhythmic Activity and CNS Toxicity-Antiarrhythmic activity, 
measured as protection against chloroform-induced ventricular tachy- 
cardia, and acute CNS toxicity, measured as drug-induced ataxia, were 
determined in mice as previously described (3). The results are listed as 
EDm values, together with 95% Fieller limits and therapeutic indexes, 
in Table IV. All compounds tested, except Vg, had antiarrhythmic ac- 
tivity; Va, Vc, and Vd were more potent than lidocaine, Vb was equipo- 
tent, and the rest were less potent. Paralleling the findings on local an- 
esthetic activity, the derivatives with a methyl substituent on the pyrrole 
nitrogen were more potent than those with a hydrogen substituent. More 
importantly, therapeutic indexes were also increased by the introduction 
of an N-methyl substituent. A comparison with previously published 
a-alkylaminoalkylamidopyrroles showed the &derivatives to have higher 
potencies (except Ve) and higher therapeutic indexes (except in hydro- 
gen-substituted pyrroles). The extension of the intermediate chain, 
leading from a-amines to P-amines, again improved the therapeutic 
properties of a class of antiarrhythmic agents. 


EXPERIMENTAL' 


2-(2-Butenamido)-3-cyano-l,4,5-trimethylpyrrole (1IIa)-A so- 
lution of 2-amino-3-cyano-l,4,5-trimethylpyrrole (22.3 g, 0.15 mole) (10) 
in 150 ml of acetone with pyridine (13.1 g, 0.16 mole) was prepared in a 
500-ml round-bottom flask equipped with a drying tube. This solution 
was stirred in an ice bath for 10 min, followed by the dropwise addition 
of trans-2-butenoyl chloride (18.8 g, 0.18 mole). The solution was stirred 
in the ice bath for 10 min and then for another 15 min after the ice bath 
was removed. The reaction mixture was brought to reflux and allowed 
to cool to room temperature, and then the dark solution was poured over 
crushed ice (500 9). 


After the ice had melted, the crude product was collected by filtration, 
suspended in distilled water, filtered, and dried. The gray product (13.8 
g, 42.3%) was recrystallized twice from absolute methanol to yield light- 
tan crystals (homogeneous on TLC; in ethyl acetate, Rf 0.461, mp 
174.5-175.5' dec.; IR (KBr): 3420, 3050, 2980, 2920, 2220, 1675, 1645, 
1540,1195,960,935,830, and 680 cm-'; NMR (dimethyl sulfoxide-de): 
6 1.9 (d, 3H, CH3 of CO-C=C-CH3), 2.00 (s,3H, CH3 at  C-4), 2.09 (s,3H, 
CH3 at C-5). 3.33 ( s ,  3H, CHs at  N-11, 5.8-6.3 (complex m, lH, CH of 
CO-CH=C-C), 6.5-7.1 (complex m, lH, CH of CO-C=CH-C), and 
9.7-10.1 (broad s, lH, NH of amide) ppm. Table I gives the results of the 
elemental analyses. 
2-(3-Bromobutyramido)-3-cyano-4,5-dimethylpyrrole ( I I Ic)  


-The procedure for lIIc is given as a general method of synthesis of 
1116-IIIh. A solution of 2-amino-3-cyano-4,5-dimethylpyrrole (40.5 g, 
0.30 mole) (7) in pyridine (26.1 g, 0.33 mole) and 300 ml of acetone was 


All IR spectral data were determined on a Beckman Acculab-4 spectropho- 
tometer using the potassium bromide technique. NMR spectra were determined 
on a Hitachi Perkin-Elmer R24 high-resolution spectrophotometer with tetra- 
methylsilane as the internal reference. The reported melting points were obtained 
using a Thomas-Hoover capillary apparatus and are uncorrected. The reported 
analyses of carbon, hydrogen, chlorine, and nitrogen were obtained from Atlantic 
Microlab, Atlanta, Ga. TLC was performed using Eastman Chromatogram sheets 
(type 6060, silica gel); the sheets were developed in an iodine chamber. 


Table 111-Local Anesthetic Activity of 
2-(3-Alkylaminoalkylamido)pyrrole Hydrochlorides as 
Determined by the Guinea Pig Wheal Test * 


Solution Concentration 
Compound 0.50% 0.25% 0.125% 


Lidocaine 
Va 
Vb 
v c  
Vd 
Ve 
Vf 


Vi 


v1 
Vm 
Vn 
Sodium chloride 


3 
x 


100 (36) 100 (31) 100 (12) 
100 1361 110 (341 167 (20) 
ioo i36j iii i35j i42 ii7j 


267 (32) 
'16 (36) 175 (21) 


100 (36) 
100 (36) 116 (36) 
67 (24) 52 (16) - 
61 (22) 13 (4) 


55 (17) 
77 (24) - 86 (31) 


94 (34) 
47 (17) 29 (9) 
89 (32) 52 (16) 


100 (36) 106 (33) - 
100 (36) 103 (32) - 


58 (18) - 61 (22) 
100 (36) 100 (31) 


0 (00) 


- 
- 


- 
- 


- 
- - 


Values given are percent protection; the numbers in parentheses represent the 
number of pinpricks failiz.to elicit a response (skin twitch or cry) from the wheal 
resulting from intraderm injection of 0.25 ml of the test compound in preshaven 
guinea pig hacks (n = 2). 


stirred in an ice bath while 3-bromobutyryl chloride (61.2 g, 0.33 mole) 
(11) was added dropwise. After the addition was complete, the dark- 
brown solution was stirred at room temperature for an additional 20 min; 
it then was poured over 400 g of ice. The resulting suspension was stirred 
until the ice had melted, and the crude product was collected by filtra- 
tion. 


The product was resuspended in 300 ml of distilled water, collected 
by filtration, and air dried. One gram of the crude amide (75.5 g, 88.6%) 
was recrystallized from 25 ml of methanol-water (41) to yield a white 
powder (homogeneous on TLC; in ethyl acetate, R/ 0.661, mp 141.5- 
142.5O; IR (KBr): 3420,3160,3100,3020,2900,2205,1650,1610,1500, 
1480,1450,1320,1230,1210,1000, and 670 cm-'; NMR (dimethyl sulf- 
oxide-d6): 6 1.70 (d, 3H, CHBrCH3), 1.90 (s, 3H, CHs at  C-4), 2.02 (s,3H, 
CH3 at  C-5),2.92 (d, 2H, COCH*), 4.50 (q, lH, CHBrCH3),10.52 (s, lH,  
NH), and 11.17 (s, lH, NH). Table I gives the results of the elemental 
analyses. 


Method A: 2-(3-Pyrrolidinobutyramido)-3-cyano-1,4,5-tri- 
methylpyrrole Hydrochloride (Va)-The procedure for the synthesis 
of Va was also used for Vd. A suspension of IIIa (8.7 g, 0.04 mole) in 80 
ml of absplute 2-propanol with pyrrolidine (11.4 g, 0.16 mole) was re- 
fluxed, with continuous stirring, for 12 hr to give a clear brown solution. 
The solvent and excess pyrrolidine were removed in uacuo, and the 
gummy residue was dissolved in 50 ml of warm 10% HC1. The acidic so- 
lution was filtered, 200 g of ice was added, and the product was suspended 
in the solution by the addition of 10% aqueous potassium hydroxide. The 
alkaline aqueous suspension (pH 9-10) was extracted with two 150-ml 


Table IV-Antiarrhythmic a and CNS Toxic 
Effects in Mice 


EDw", m d k  
(95% Fieller Limits) Therapeutic 


ComDound Protection Ataxia Index 


Lidocaine 
Va 
Vb 
v c  
Vd 
Va . -  


Vf 
vge 
Vh 
Vi 


v1 
x 
vm 
Vn 


48 (44-53) 
9 (4-29) 


39 (20-60) 
33 (24-39) 
24 (15-41) 


\ - -  --, 
330 (183-900) 
164 (86-301) 


- 


145 (74-1168) 
345 (220-569) 
159 (116-226) 


142 (53-379)d9f 


316 (261-427) 


125 (86-153) 


304 (190-411) 


45 (40-50) 
8 (5-11) 


107 (67-298) 
129 (91-282) 
131 (44-386)d 
125 (85-240) 
134 (83-202) 


470 (356-737) 
159 (71-238) 
169 (101-212) 


302 (186400) 
292 (252-358) 


78 (36-108) 
253 (158-620) 


0.94 
0.89 
2.74 
3.91 
5.46 
0.38 
0.82 


3.24 
0.46 
1.06 
0.62 
1.78 
0.99 
0.92 


- 


a Protection against chloroform-induced tachycardia. * Observed prior to ex- 
posure to chloroform. Subcutaneous administration. Approximate 95% Fieller 
limits. Lack of water solubility prevented determination. f Tremor, EDm <20 
mg/kg. 
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portions of chloroform, and the organic solution then was extracted with 
300 ml of saturated sodium chloride solution. The chloroform was re- 
moved in uacuo, and the residue was dissolved in 200 ml of boiling cy- 
clohexane, treated with activated charcoal, and immediately filtered while 
hot. 


After cooling to room temperature, a gummy residue was collected from 
the bottom of the flask by decantation. This residue was dissolved in 100 
ml of acetone, 4 ml of concentrated hydrochloric acid was added, and the 
mixture was placed in the freezer. After 24 hr, fine gray crystals (6.5 g, 
50%) were collected (homogeneous on TLC; in acetone, Rf 0.28), mp 
222-223’ dec.; IR (KBr): 3130,3020,2575,2485,2210,1690,1550,1530, 
1440,1175,1150,975, and 710 cm-’; NMR (dimethyl sulfoxide-ds): 6 1.39 
[d, 3H, CH3 of -CO-C-C(CH3)-N+], 1.6-2.0 (complex m, 4H, @-meth- 
ylenes of pyrrolidino), 1.99 (s,3H, CH3 at  C-4), 2.05 (s,3H, CH3 at  C-5), 
2.7-3.1 [complex m, CH, a-methylenes of pyrrolidino and methylene of 
CO-CHyC(C)-N+], 3.26 (s, 3H, CH3 at N-l), 3.6-4.0 [complex m, lH, 
methine of -CO-C-CH(C)-N+], 10.5 (8,  lH,  NH of amide or +NH), and 
11.1-11.6 (broad s, lH, +NH or NH of amide) ppm. Table I1 gives the 
results of the elemental analysis. 


Method B 2-(3-Pyrrolidinobutyramido)-3-cyano-4,5-dimethy1- 
pyrrole (1Ve)-The procedure for IVe is given as a general method of 
synthesis of IVb, IVc, and We-IV1. A solution of 2-(3-bromobutyram- 
ido)-3-cyano-4,5-dimethylpyrrole (IIIc) (20.0 g, 0.07 mole) in 150 ml of 
n-propanol was stirred while pyrrolidine (29.9 ml, 0.42 mole) was added. 
The solution was refluxed with stirring for 8 hr, and then the solvent and 
excess amine were removed in uacuo. The residue was dissolved in 300 
ml of 5% HCl, and the solution was filtered. The acidic filtrate was poured 
over 200 g of ice and made alkaline with 10% NaOH (pH lo), and the tan 
precipitate was collected by filtration. The crude product was recrys- 
tallized from 280 ml of methanol-water (41), yielding white crystals (16.0 
g, 83.3%) which were collected and dried. The crystals were suitable for 
hydrochloride salt formation (homogeneous on TLC; in ethyl acetate, 
Rf 0.471, mp 168-169O. The data for the analogs are given in Table 11. 
2-(3-Pyrrolidinobutyramido) -3- cyano-4,5-dimethylpyrrole 


Hydrochloride (Ve)-The procedure for Ve is given as a general 
method of synthesis of Vb, Vc, and Ve-Vn. A solution of the free amine 
(We) (8.0 g, 0.03 mole) in 100 ml of acetone was filtered, and the filtrate 
was treated with 3.0 ml of concentrated hydrochloric acid. The sealed 
flask was placed in the freezer for 1 hr, yielding white crystals; these 
crystals were collected by filtration, washed with acetone, and dried. The 
crystals (8.3 g, 89.2%) were analytically pure (homogeneous on TLC; in 
ethyl acetate, Rf 0.24), mp 94-95.5O dec.; IR (KBr): 3510,3400,3225,3030, 
2980,2640,2600,2210,1670,1620,1460,1330,1230,1180,1080, and 760 
cm-’; NMR (dimethyl sulfoxide-ds): 6 1.40 (d, 3H, CHCH3), 1.95 (s, 3H, 
CH:j at C-4), 2.05 (s, 3H, CH3 at  C-5), 2.00 (broad m, 4H, @-carbons on 
pyrrolidine), 2.95 (d, 2H, COCHz), 3.50 (m, lH, COCH&H), 2.80-3.80 
(broad m, 4H, a-carbons on pyrrolidine), 10.80 (s, lH, NH), and 11.35 
(s, 2H, NH). Table I1 lists the results of the elemental analyses. 


Method C: 2-(3-Diethylaminopropionamido)-3-carbamyl-4,5- 
dimethylpyrrole (1Vm)-The procedure for IVm was also used for IVn. 
A solution of 2-(3-diethylaminopropionamido)-3-cyano-4,5-dimethyl- 
pyrrole (IVi) (13.12 g, 0.05 mole) in 85% (30 ml) was heated with 
stirring at 127-129’ for 5 min. The contents of the vessel were cooled, 
crushed ice (200 g) was added, and the pH was adjusted to 10 by the ad- 
dition of a saturated sodium hydroxide solution. The product was col- 


lected, resuspended in distilled water (300 ml), collected by filtration, 
and dried. The crude amine (10.0 g, 71.3%) was recrystallized from 
methanol-water (1:2) to yield off-white crystals (9.0 g, WO), which were 
suitable for hydrochloride salt formation. [See Table I1 for analog and 
Method B for hydrochloride salt (Vm) formation.] 


Pharmacology-Local Anesthetic Actiuity-The guinea pig wheal 
method of Bulbring and Wajda (12) was employed in determining ac- 
tivity. The methodology was described previously (1-3). 


Antiorrhythmic Activity and CNS Toxicity-A modification of the 
method of Lawson (13) was employed in assessing the antiarrhythmic 
activity and acute CNS toxicity. The methodology was described previ- 
ously (3). Briefly, the mice were exposed to chloroform following sub- 
cutaneous injection of the target compounds. After respiratory arrest was 
evoked, a thoracotomy was performed; multilead ECGs were recorded 
for -45 sec. If the ventricular rate was <520 beats per minute during this 
period, it was presumed that ventricular tachycardia had been prevented 
and the mouse was considered “protected.” Symptoms of ataxia were 
monitored during the 20-min period between injection of the target 
compound and exposure to chloroform. 


REFERENCES 


(1) R. W. Johnson, T. H. Keenan, J. W. Kosh, and J. W. Sowell, Sr., 
J. Pharm. Sci., 68,317 (1979). 


(2) Zbid., 68,955 (1979). 
(3) J. W. Sowell, Sr., A. J. Block, M. E. Derrick, J. J. Freeman, J. W. 


Kosh, R. J. Mattson, P. F. Mubarak, and P. A. Tenthorey, J.  Pharm. Sci., 
70,135 (1981). 


(4) E. W. Byrnes, P. D. McMaster, E. R. Smith, M. R. Blair, R. N. 
Boyes, B. R. Duce, H. S. Feldman, G. H. Kronberg, B. H. Takman, and 
P. A. Tenthorey, J. Med. Chem., 22,1171 (1979). 


(5) P. D. McMaster, E. W. Bymes, H. S. Feldman, B. H. Takman, 
and P. A. Tenthorey, ibid., 22,1177 (1979). 


(6) P. A. Tenthorey, R. L. DiRubio, H. S. Feldman, B. H. Takman, 
E. W. Bymes, and P. D. McMaster, ibid., 22,1182 (1979). 


(7) R. Gewald, 2. Chem., I, 349 (1961). 
(8) V. I. Shvedov, M. V. Mezentseva, and A. N. Grinev, Khimiya 


Geterotsikl. Soedin., 9,1219 (1975); through Chem. Abstr., 84, 59299 
(1976). 


(9) R. W. Johnson, R. J. Mattson, and J. W. Sowell, Sr., J. Heterocycl. 
Chem., 14,383 (1977). 


(10) R. J. Mattson and J. W. Sowell, Sr., Synthesis, 1979,217. 
(11) D. M. Hall and E. E. Turner, J. Chem. SOC., 1948,1909. 
(12) E. Bulbring and I. Wajda, J. Pharmacol. Exp. Ther., 85, 78 


(13) J. W. Lawson, ibid., 160.22 (1968). 
(1945). 


ACKNOWLEDGMENTS 


Adapted in part from theses submitted by M. E. Derrick and P. F. 
Mubarak to the University of South Carolina in partial fulfillment of the 
Master of Science degree requirements. 


The authors from the University of South Carolina express their ap- 
preciation to Astra Pharmaceutical Products, Inc., for financial support 
of this research. 


Journal of Pharmaceutical Sciences i 541 
Vol. 70, No. 5, May 1981 












REFERENCES 


(1) D. R. Duvall, Cancer Chemother. Rep., 8,156 (1960). 
(2) G. Horn, Chem. Zuesti, 18,363 (1964); through Chem. Abstr., 61, 


(3) M. H. Akhtar, A. Begleiter, D. Johnson, J. W. Lown, L. 


(4) A. H. Khan and J. S. Driscoll, J. Med. Chem., 19,313 (1976). 
(5) F. Chou, A. H. Khan, and J. S. Driscoll, ibid., 19,1302 (1976). 
(6) J. Epstein, R. W. Rosenthal, and R. J. Ess, Anal. Chem., 27,1435 


(7) D. H. Rosenblatt, P. Hlinka, and J. Epstein, ibid., 27, 1291 


(8) J. E. Earley, C. E. O’Rourke, L. B. Clapp, J. 0. Edwards, and B. 


(9) G. K. Poochikian and J. A. Kelley, J. Pharm. Sci., 70, 162 


15947d (1964). 


McLaughlin, and S. K. Sim, Can. J. Chem., 53,2891 (1975). 


(1955). 


(1955). 


C. Lawes, J. Am. Chem. Soc., 80,3458 (1958). 


(1981). 
(10) T. C. McIlvaine, J .  Biol. Chem., 49,183 (1921). 
(11) L. Michaelis, ibid., 87,33 (1930). 


(12) L. R. Snyder and J. J. Kirkland, “Introduction to Modern Liquid 


(13) E. Bauer and H. Berg, Chem. Zuesti, 18,454 (1964); through 


(14) H. Wagner and H. Berg, J. Electroanal Chem., 2,452 (1961). 
(15) A. Anhalt and H. Berg, ibid., 4,218 (1962). 
(16) J. F. Bunnett, R. L. McDonald, and F. P. Olsen, J.  Am. Chem. 


(17) D. W. Flamberg, D. L. Francis, S. L. Morgan, and G. F. Wickes, 


Chromatography,” Wiley, New York, N.Y., 1974, p. 35. 


Chem. Abstr., 61,11375 (1964). 


SOC., 96,2855 (1974). 


Bull. Parenter. Drug Assoc., 24,209 (1970). 


ACKNOWLEDGMENTS 


Presented in part a t  the Basic Pharmaceutica Section, APhA Academy 
of Pharmaceutical Sciences, Kansas City meeting, November 1979. 


The authors thank Dr. J. A. Kelley, Laboratory of Medicinal Chemistry 
and Biology, National Cancer Institute, for the mass spectral data of 11, 
IV, and VI and Mrs. S. Swindell for assistance in the preparation of this 
manuscript. 


2,5 -Diaziridinyl-3,6- bis (carboethoxyamino) - 
1,4-benzoquinone 11: Isolation and Characterization of 
Degradation Products 


G. K. POOCHIKIAN *x and J. A. KELLEY * 
Received December 11,1979, from the *Pharmaceutical Resources Branch and the tLaboratory of Medicinal Chemistry and Biology, National 
Cancer Institute, Bethesda, MD 20205. Accepted for publication April 4,1980. 


Abstract A direct high-performance liquid chromatographic (HPLC) 
method was applied to monitor 2,5-diaziridinyl-3,6-bis(carboethoxy- 
amino)-l,4-benzoquinone (I) and its degradation products in pharma- 
ceutical vehicles at 25 f 0.1O. At the optimal pH for stability of I, an in- 
crease in buffer concentration [phosphate and tris(hydroxymethy1)- 
aminomethane] or ionic strength accelerated degradation. The reaction 
rate in the solutions studied followed pseudo-first-order kinetics. Deg- 
radation products were characterized by mass spectrometry after isola- 
tion by semipreparative HPLC. Different degradation pathways pre- 
vailed in acidic and basic media. The acid-catalyzed reaction resulted 
in consecutive aziridine ring opening, while the base-catalyzed reaction 
led to nucleophilic displacement of the aziridine ring(& 


Keyphrases 0 2,B-Diaziridinyl - 3,6 - bis(carboethoxyamino)-1,4-ben- 
zoquinone-isolation and characterization of degradation products 0 
Degradation-2,5-diaziridinyl-3,6- bis(carboethoxyamino)-1,4-benzo- 
quinone, isolation and characterization of degradation products 
High-performance liquid chromatography-analysis, 2,5-diaziridinyl- 
3,6-bis(carboethoxyamino)-1,4-benzoquinone and degradation prod- 
ucts 


The chemical behavior of a new drug in solution as well 
as the number and nature of degradation products and any 
impurities present in such a solution is always important. 
2,5-Diaziridinyl-3,6 - bis(carboethoxyamino)-l,4-benzo- 
quinone (I), a potential central nervous system (CNS) 
antitumor agent administered intravenously, is currently 
in Phase I of clinical trial. As part of a continuing study 
concerning the reactivity of I (l), the high-performance 
liquid chromatographic (HPLC) assay was applied to as- 
sess the influence of various pharmaceutical parameters 
(nature and concentration of the buffer, ionic strength, and 


storage conditions) on the stability of I in aqueous solu- 
tion. 


This report also describes the semipreparative HPLC 
isolation and the mass spectrometric structure determi- 
nation of the major impurity as well as the degradation 
products of I generated in various pharmaceutical media. 
A combination of other methods (UV and NMR spec- 
troscopy) and comparison with authentic synthetic ma- 
terials also were used when sufficient sample was avail- 
able. 


This investigation defined the degradation behavior of 
I in solution with various pharmaceutically useful reagents 
to optimize its formulation and proper pharmaceutical use. 
In addition, the information accumulated here will serve 
as a foundation for the delineation of degradation products 
and metabolites of I in future pharmacokinetic studies. 


EXPERIMENTAL 


Reagents-Compound I (NSC 182986)’ and the internal standard, 
5-chloro-2-pyridinol*, were used as supplied. 2-Aziridinyl-5-(2’-hydrox- 
yethanolamino) - 3,6- bis (carboethoxyamino) - 1,4-benzoquinone (11) and 
2,5 - di(2’-hydroxyethylamino)-3,6-bis(carboethoxyamino) - 1,4-benzo- 
quinone (111) were isolated by semipreparative HPLC from partially 
hydrolyzed I and were characterized as will be described. Acetonitrile3 
(distilled in glass) and distilled water were filtered through 0.45-pm 
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Table I-Mass Spectra of Acetylated I1 and I11 


IIa IIIa 
R~ GNH-&OCH~CH~ (Relative Mass (Relative Mass Probable 


Intensity) Intensity) Assignment 
CH&H,O-C-NH Rz 


II 0 424 13) 484 (181 M t  
0 


I: R, R, = - N q  


11: R, = NHCH,CH,OH, R, = -Na 
Ib: R, = NHCH,CH,OCOCH,, R, = - N 3  


111: R, = R, = NHCH,CH,OH 


V: R,  = NHCH,CH,OH, R, = NHCH,CH,Cl 
IIIa: R, = R, = NHCH,CH,OCOCH, 


VI: R, = -Nd,  R2 = NHCH,CH,CI 
VII: R, = R, = NHCH,CH,CI 


VIII: R, = R, = OH 


IX: R, = - N a ,  R, = OH 
X: R, = NH,, R, = OH 


solvent-resistant filters4. All other chemicals were reagent grade. 
Preparation of Solutions-Solutions of I (2.75 X lO-4M) were pre- 


pared as described previously (1) in appropriate media a t  the optimum 
pH5 (pH 6.5) and stored at  25 f 0.1' under oxygen, nitrogen, or air under 
fluorescent lighting or in the dark. Experiments also were conducted in 
different concentrations (Om, 0.1, and 0.5 M) of pH 6.5 phosphate buffer 
or tris(hydroxymethy1)aminomethane hydrochloride buffer as well as 
in solutions of various ionic strengths (0.016-0.70 p )  obtained by the 
addition of sodium chloride or sodium nitrate. 


For isolation of the desired benzoquinone decomposition products, 
solutions of I in pH 3-8 buffer were subjected to degradation at ambient 
temperature. Different major products were obtained in different pH 
solutions. Compound I also was allowed to degrade in pH 6.5 tris(hy- 
droxymethy1)aminomethane buffer, sodium chloride solution, and at  
alkaline pH. 


HPLC-A modular high-pressure liquid chromatograph consisting 
of a constant-flow pump6 coupled with a rotary valve injector7, a 10-p1 
injection loop, and a 5-pm reversed-phase columns (250 X 3 mm i.d.) was 
used to deliver the eluent a t  a rate of 1 ml/min. A variable-wavelength 
UV detectorg set a t  345 nm and 0.1 aufs deflection was used to detect 
eluted compounds. The output signals were recorded with a strip-chart 
recorderlo. All chromatographic operations were performed at  ambient 
temperature. Chromatographic conditions in the analytical mode were 
described previously (1). 


Semipreparative separation and isolation of I and its degradation 
prcducta were Carried out on a 10-pm OctadecyKie c o l ~ m n ~ ~ ( 5 0 0  X 9.20 
mm i.d.). The chromatographic profile of the sample was determined first 
on the analytical column*. Then an analytical injection was made on the 
semipreparative column, using 15% acetonitrile3 in distilled water as the 
eluent a t  a flow rate of 5 ml/min. A concentrated solution of the sample 
was diluted to the proper concentration with the mobile phase and 
clarified through a 0.45-pm solvent-resistant filter4 prior to injection of 
250 pl onto the semipreparative column. Acetonitrile was removed under 
reduced pressure12 from each collected fraction, and the residual aqueous 
solution was frozen immediately in dry ice and lyophilized under low 
temperature in a conventional freeze drier13. The resulting solid was 
subjected to further analysis. 


Mass Spectrometry-All derivatization reactions were carried out 
in glass screw-capped vials14 (3.5 ml) or Reacti-vials14 (1.0 ml) equipped 
with polytef-lined rubber septums. Samples (0.3-2 mg) were trimeth- 


Millipore, Bedford, Mass. 
Beckman Zeromatic pH meter, Beckman Instruments, Irvine, Calif. 
Model 3500B, Spectra-Physics, Santa Clara, Calif. 
Valco Instruments Co., Houston, Tex. * S herisorb ODs (5 pm), Spectra-Physics, Santa Clara, Calif. 


@ hfodel SP 770, Spectra-Physics, Santa Clara, Calif. 
lo OmniScribe, Houston Instruments, Austin, Tex. 
l1 Fartiail M9, Whatman Inc., Clifton, N.J. 
l2 Buchi Rotavapor-R, Brinkmann Instruments, Westbury, N.Y. 
l3 10-MRSA Freezemobile, Virtis Co., Gardiner, N.Y. 
l4 Pierce Chemical Co., Rockford, Ill. 


378 (2j 
351 (4) 
332 (1) 
318 (4) 
305 (4) 
272 (10) - 
87 (10) 
60 (25) 


438 (6j' 
411 (11) 
392 (6) 
378 (2) 
365 (41 
332 (2j 
305 (6) 


87 (96) - 


M-- CH3CH2OH 
M - CH200CCH3 
M - 2 CH3CH20H 
M - CH3CH20H - CH&OOH 
M - CH~CHZOH - CH200CCH3 
M - 2 CH3CHzOH - CH3COOH 
M - CH3CH20H - CH&OOH - 
C4H702 
CHRCOOH 


CH200CCH3 


45 (79) 45 (21) C&0+ 
43 1100) 43 (1001 CH?C=O+ 
31 (84) ' 31 (40) ' CH~=O+H 
29 (10) 29 (50) CzH: 


ylsilylated by reaction with 0.45 ml of a 2:l mixture of redistilled aceto- 
nitrile3 and bie(trimethylsilyl)trifluoroacetamide2 for 1-2 hr at room 
temperature. Acetylation was effected by reaction with 0.3 ml of a 1:2 
mixture of redistilled acetic anhydride15 and redistilled pyridine for 3 
hr a t  room temperature. Aliquota of the derivatization mixtures were 
subjected to mass spectral analysis after transfer to glass capillary sample 
holders and in uacuo removal of excess reagents. 


All mass spectra were obtained by direct-probe introduction of the 
sample into the ion source of a mass spectrometer16 operated under data 
system17 control. When the sample was known to be a mixture of com- 
pounds, fractional vaporization was used to obtain spectra of the indi- 
vidual components. Typical mass spectrometer (electron-impact) op- 
erating conditions were: resolution, lo00 (10% valley); ion source, 265O; 
electron energy, 75 ev; ionizing current, 250 pamp; and scan speed, 2 
seddecade. Accurate mass measurements (I, VIII, and X) were obtained 
under data system control at a scan rate of 10 sec/decade and a dynamic 
resolution of 5000 using perfluorokerosene as an internal reference. 
Probable elemental compositions of the various fragment ions were cal- 
culated using the commercially supplied data system software. 


General Methods-Melting point@ were determined in open glass 
capillaries and are uncorrected. UV spectra were obtained with a scanning 
UV-visible spectroph~tometer~~. NMR spectra were recordedz0 in deu- 
terated dimethyl sulfoxide (containing 1% tetramethylsilane)21. Micro- 
analysesz2 for carbon, hydrogen, and nitrogen were within 0.4% of the 
calculated values. 


2,5-Di(2- hydroxyethylarnino) -3,6- bis (carboethoxyamino) - 1,4- ben- 
zoquinone (ZZZ)-Compound I (0.5 g, 1.37 mmoles) was dissolved in 
N,N-dimethylacetamide (20 ml), and the resulting solution was diluted 
with water (225 ml). The solution was adjusted to pH 3 with 0.1 N 
aqueous HCI and stirred at  ambient temperature for 24 hr. The reaction 
was followed to completion by HPLC, and the resulting solution was 
freeze dried. Recrystallization of the solid from benzene gave 111 as red 
crystals, 0.45 g (8211, mp 182-184'; UV (water-acetonitrile, 85:15): A,, 
343 (loge 4.27) and 237 (3.94) nm; NMR (dimethyl sulfoxide-d& 6 1.20 
(t, 6H, 2 CHd, 3.40-3.70 (m, 8H, 2 NCHKHzO), 4.05 (q, 4H, 2 CHZCH~), 
4.05 (8 ,  2H, 2 OH), 7.30 (s,2H, 2 NH), and 7.90 (s,2H, 2 NH of amide) 
ppm. The mass spectral data (acetylated) are given in Table I. 


Anal.-Calc. for C16H24N408: C, 48.00; H, 6.04; N, 13.99. Found: C, 
48.20; H, 6.08; N, 13.69. 


2,5 - Dihydroxy - 3,6 - bis(carboethoxyamino) - 1,4 - benzoquinone 
(VZZZ)-Compound I (0.18 g, 0.5 mmole) dissolved in N,N-dimethyl- 
acetamide (8 ml) was diluted with 50 ml of 0.02 N aqueous NaOH. The 
resulting solution was stirred overnight at rmm temperature and filtered. 
The fdtrate was acidified with dilute hydrochloric acid and extracted into 
chloroform. The extracts were dried (sodium sulfate), filtered, and con- 


16 B & A, Monistown, N.J. 


l7 VG 2040, VG Data Systems, Altrincham, Cheshire, England. 
18 Thomas-Hoover Uni-Melt apparatus, A. H. Thomas, Philadelphia, Pa. 
le Cary 15 recording spectrophotometer, Varian Associates, Monrovia, Calif. 


DuPont 21-492B. DuPont Instruments, Monrovia, Calif. 


T-60 spectrometer, Varian Associates, Palo Alto, Calif. 
Silanor, Merck & Co., Rahway, N.J. 
National Institute of Arthritis, Metabplism, and Digestive Diseases, National 


Institutes of Health, Bethesda, Md. 


Journal of Pharmaceutical Sciences I 163 
Vol. 70, No. 2, February 1981 







80 - 


lc. 


"C +::. 


0 150 200 250 300 350 


1 


4 0 1  
20i I 


rn lz 


.# 


I .-<.*.m "' 
N 


k ,  All I:. I 11 .I , 1  
50 100 150 200 250 300 


mlz 


Figure 1-Direct-probe electron-impact mass spectrum of IV (A), I 
isolated by HPLC (B), and VIII (C) 


centrated under reduced pressure. Recrystallization of the residue from 
methanol-water yielded VIII as reddish crystals, 0.125 g (80%), mp 
197-200O dec.; UV (methanol): A,, 304 (log 6 4.06) nm; NMR (dimethyl 
sulfoxide-ds): 6 1.25 (t, 6H, 2 CH3), 4.03 (q, 4H, 2 CHzCHs), 4.58 (broad, 
2H, 2 OH), and 8.10 (s,2H, 2 NH) ppm. The mass spectrum is shown in 
Fig. 1C. 


Anal.-Calc. for C12H14N208: C, 45.86; H, 4.49; N, 8.91. Found: C, 
46.10; H, 4.68; N, 8.62. 


RESULTS AND DISCUSSION 


Separation and Identification of Hydrolysis Products of I-The 
isolation and identification of the major impurity associated with I and 
the degradation products generated in various pharmaceutical media 
were accomplished by semipreparative HPLC and mass spectrometry. 
The retention order of I and its degradation products on the semipre- 
parative column was identical to that of the analytical column. When 
desired, the retention times were adjusted by varying the proportion of 
the organic component of the eluent. 


Molecular ion peaks were present in the mass spectra of all compounds 
examined, and the mass spectral fragmentation patterns allowed deter- 
mination of the various functional groups present. When needed, deri- 
vatization by acetylation or silylation was employed to increase the vol- 
atility of selected degradation products for direct-probe analysis. Acet- 
ylation was preferred over silylation, even though the persilylated de- 
rivatives were much more volatile, because the former procedure added 
much less mass to the molecular weight of the derivative and the struc- 
tural features were delineated more clearly in the mass spectrum. 


The mass spectrum of the most abundant HPLC-isolated impurity 
of IZ3 indicated an apparent molecular weight of 206 and the 9 6 1  isotopic 
pattern indicative of two chlorine atoms (Fig. 1A). Comparison of this 
mass spectrum with that of an authentic sample of 2,5-diamino-3,6- 
dichlor0-1,4-benzoquinone~~ (IV), a synthetic intermediate of I, con- 


23 The amount of IV was 1.5% (w/w); A, (acetonitrile-water, 2575) 338 (log 


24 Provided by Dr. J. S. Driscoll, National Cancer Institute, National Institutes 
t 4.45). 


of Health, Bethesda, Md. 


firmed the identity. The mass spectrum of IV was unusual in that the 
successive losses of two molecules of carbon monoxide were not as 
prominent as in other 1,4-benzoquinones (2). These ions were observed 
at  mlz 178 (M - CO) and 150 (M - 2 CO), but the loss of hydrocyanic 
acid from the intact molecule (mlz 179) was more pronounced. There was 
no fission into two halves, as is commonly observed with other 1,4-ben- 
zoquinones, but fission with hydrogen transfer did occur to give an ion 
at mlz 104 containing one chlorine atom. Loss of hydrogen chloride from 
this fragment produced an ion of mlz 68. The peak at m/z 75 probably 
was due to elimination of 1-amino-2-chloroacetylene with concomitant 
charge retention: 


The mass spectrum of I (Fig. 1B) served as a model for interpreting 
the mass spectra of the degradation products. In addition to a molecular 
ion (Mt) peak of moderate intensity a t  m/z 364, the most noticeable 
feature of this spectrum was the successive loss of two ethanol molecules 
a t  rn l z  318 (M - CH3CHzOH) and 272 (M - 2 CHBCH~OH), an indica- 
tion of N-substituted ethyl carbamates (3). Compound I was not very 
volatile and required probe temperatures at or greater than its 230° 
melting and decomposition point (4) before a recognizable spectrum could 
be obtained. Thus, the successive losses of ethanol probably occurred 
thermally as well as during electron impact. Metastable peaks were ob- 
served for the transformation, but the low mass portion of the spectrum 
(below m/z 50) was identical to the spectrum of ethanol (5). 


When the amount of I was low and there was appreciable water or 
another hydrogen radical source in the mass spectrometer inlet system 
or ionization chamber, an appreciable M + 2 peak was observed. This 
peak has been commonly observed in the mass spectra of other 1,4-ben- 
zoquinones and represents formation of the analogous hydroquinone (2). 
Therefore, the moderately intense A + 2 peaks observed for both m/z 318 
and 272 probably were due to hydroquinone formation from the isocy- 
anoquinones resulting from thermal decomposition of I with use of the 
resultant ethanol as a hydrogen radical source. Thus, the peaks at m/z 
318 and 272 probably represented fragment ions as well as molecular ions 
produced by thermal decomposition. The other peaks in the spectrum 
then could be interpreted as resulting from further fragmentation of these 
ions. Thus, m/z 136 would represent fission of the bis(isocyano)quinone 
of mass 272 into halves, while mlz 109 might result from loss of an ethoxy 
radical from the acetylene formed by 1,3-cleavage of I. 


Compound 111, the major and ultimate degradation product of I in 
acidic media, was isolated by HPLC and characterized as 2,5-di(2'-hy- 
droxyethylamino)-3,6-bis(carboethoxyamino)-l,4-benzoquinone. The 
acetylated derivative (IIIa) was more volatile and exhibited less thermal 
decomposition than the parent compound. The mass spectral analysis 
of IIIa clearly indicated its molecular weight (m/z 484) as well as all 
pertinent structural features (Table I). Successive losses of ethanol in- 
dicated intact N-substituted ethyl carbamate moieties (3), while loss of 
73 m u  (e.g., mlz 411, M - CHaCOCH3) was characteristic of an acetate 
of a primary alcohol. The high mass end of the spectrum (m/z > 300) 
could be explained by the appropriate combination of the losses of ethanol 
(46 amu), acetic acid (60 amu), and CH~OCOCHB (73 amu). As with I, 
peaks from ethanol were superimposed on the low mass portion of the 
spectrum (m/z < 50). NMR and elemental analyses of the synthetically 
obtained I11 (see Experimental) supported the mass spectral data. 


Compound I1 was the second major degradation product of I detected 
in acidic to neutral media. The concentration of I1 was pH dependent and 
had a maximum at pH - 5. Mass spectrometry suggested that I1 
was 2-aziridinyl-5-(2'-hydroxyethylamino)-3,6-bis(carboethoxy- 
amino)-1,4- benzoquinone, the intermediate hydrolytic product. Acety- 
lation was employed to make a more volatile derivative, and the mass 
spectrum of IIa corroborated the proposed structure (Table I). A mo- 
lecular ion w& evident a t  mlz 424, and most of the structural features 
present in IIIa also were indicated. 


Buffer Effect-The analytical HPLC method described previously 
(1) was applied to evaluate the effect of various pharmaceutical media 
a t  the optimal pH on the degradation rate of I. The pseudo-first-order 
rate constants for the disappearance of I in aqueous solutions of pH 
3.0-8.0 (1) do not necessarily reflect the hydrolysis rate of aziridine rings 
since anions present in the solution may compete with water molecules 
for the protonated aziridines. Water is sufficiently acidic to provide a very 
low concentration of aziridinium ion, which then undergoes reaction with 
the various nucleophilic reagents present at rates corresponding to the 
nucleophilicity of the reagent. 


The catalytic effect of the buffer systems was determined at  constant 
temperature (25 f O.lo) ,  pH (6.5 f 0.05), ionic strength (l.O), and con- 
centration of I (2.75 X lo-* M) in various strengths (0.01, 0.1, and 0.5 M) 
of phosphate or tris(hydroxymethy1)aminomethane buffer. The disap- 
pearance rate of I followed pseudo-first-order kinetics with respect to 
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Table 11-Pseudo-First-Order Rate Constants for Loss of I (2.75 
X 
Tris(hydroxymethy1)aminomethane Buffer a t  25 f 0.1" 


M )  in Various Concentrations of pH 6.5 Phosphate and 


Total Buffer Kobs X lo2, day-l 
Concentration. PhosDhate Tris(hvdroxvmethv1)aminomethane . "  - 


M Buifer Buker 


0.01 3.07 
0.1 5.07 
0.5 12.64 


3.20 
5.23 
13.36 


Table 111-Retention Volume ( VR), Capacity Factor (k'), 
Separation Factors (a), and Resolution (Rs) of Various Solutesa 


Compound VH,  ml k' a R, 
I 8.50 7.50 


2.28 8.22 
VII 42.00 41.00 


Retention data of various solutes from a 250 X 3-mm i.d. stainless steel 
Spherisorb ODS (5-pm particles) column: the mobile phase was 15% acetonitrile 
in water a t  a flow rate of 1 rn lh in ;  UV detection was at 345 nm. 


its concentration. The reaction rate constants were computed by the 
least-squares method. Plots of the observed rate constant of the reactions 
versus buffer concentration showed a direct increase in the disappearance 
rate of I with an increasing concentration of either buffer (Table 11). 


Examination of the chromatogram of degraded solutions of I indicated 
that the reaction is partially a function of phosphate ion. Increased buffer 
concentration intensified the hydrophilic peak at the void volume while 
it decreased peaks corresponding to the hydrolytic products (I1 and 111) 
in the chromatogram. The catalytic effect of phosphate buffer on un- 
substituted aziridines (6-9) and its derivatives (10, 11) was observed 
previously. The present study confirmed similar observations. Increasing 
the pH of the 0.01 M phosphate buffer (i.e., dibasic ion concentration 
of the phosphate buffer) increased the intensity of the unretained peak 
in the chromatogram. At pH 8.0, only I and this peak were observed. 


In spite of their corresponding rates for the disappearance of I (Table 
II), the nature and relative proportion of the degradation products of I 
in similar concentrations of tris(hydroxymethy1)aminomethane 
and phosphate buffer systems were noticeably different. In tridhy- 
droxymethy1)aminomethane buffer solutions, beside the hydrolysis 
products (I1 and 111), additional decomposltion products (V-VII) were 
detected, which increased with increasing buffer concentration. Table 
I11 summarizes the chromatographic retention volumes (VR in milliliters), 
capacity factors (k'), separation factors (a), and resolution (R , )  of V-VII. 
These products also were observed in sodium chloride solution and will 
be described further. 


Aziridinylbenzoquinone (I) in tris(hydroxymethy1)ainomethane 
buffer (pH 6.5 f 0.05) led, apart from the cleavage reactions, to the dis- 
placement of one or both aziridine residues and the formation of 2,5- 
dihydroxy-3,6-bis(carboethoxyamino)-1,4-benzoquinone (VIII) or 2- 
aziridinyl-5-hydroxy-3,6-bis(carb~thoxy~ino)-l,4-~nz~uinone (IX). 
Both compounds were detected as a single peak in the void volume of the 
chromatogram. Only partial separation of these compounds could be 
achieved, even with water as the mobile phase. Mass spectral analysis 
employing controlled fractional vaporization indicated that the mixture 
consisted of VIII and IX in approximately equal proportions. The NMR 
and elemental analyses of VIII (see Experimental) confirmed the 
structure suggested by mass spectrometry. 


I I I I I 1 I I I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 


JL 
Figure 2-Bronsted-Bjerrum plot of the logarithm of the observed rate 
constants versus p. The ionic strength was controlled with sodium 
chloride (A) or sodium nitrate (0). 


The generation of the degradation products under mild conditions 
prompted an investigation of the reactivity of I with basic nucleophiles. 
Compound I in the presence of dilute sodium hydroxide generated a 
similar peak in the high-performance liquid chromatogram. HPLC 
monitoring of this reaction showed an instantaneous decrease of >90% 
in the concentration of I upon addition of sodium hydroxide. The mo- 
lecular weight of this new compound appeared to be 314, 50 amu lees than 
I (Fig. 1C). Accurate mass measurement of the major peaks in this 
spectrum allowed generation of a self-consistent set of fragment ion el- 
emental compositions (Table IV), which indicated that this compound 
was VIII. Similarly, treatment of I with equimolar ammonium hydroxide 
followed by lyophilization resulted almost exclusively in 2-amino-5- 
hydroxy-3,6-bis(carboethoxyamino)-1,4-benzoquinone (X). This com- 
pound possessed a mass spectrum that exhibited the same neutral losses 
as that of VIII and in which most of the major peaks were shifted 1 amu 
lower (Table IV). Direct replacement of the aziridine groups in similar 
1,4-benzoquinone derivatives was observed after treatment with alk- 
ylamines (12-15) or sodium hydroxide (16). The ease of replacement 
depended on the basicity of the reagent and the nature of the other 
substituents present in the quinone (17). Thus, the primary mode of 
decomposition of I under basic conditions involves direct displacement 
of one or both aziridine moieties. 


Primary Salt Effect-An investigation of the disappearance rate of 
I as a function of ionic strength was carried out to determine the influence 
of electrolytes. To conduct these studies, solutions were prepared at 
constant pH (6.5 f 0.051, concentration of I(2.75 X 10-4M), phosphate 


Table IV-Accurate Mass Measurement of Selected Ions in the Mass Spectra of the Basic Degradation Products of I 


VIII X 
Structural Nominal Accurate Elemental Nominal Accurate Elemental 


Assignment Mass Mass Composition Mass Mass Composition 


Mt  314 314.078 Ci2Hi4NzOs 313 313.081 CizHi5N307 
M - CH3CH20H 268 268.035 CioHsN207 267 267.045 CioHgN301i 
M - 2 CH3CHzOH 222 221.992 CsHzNzOs 221 221.004 CsH3N305 
M - CzH4 - COP - CH3CH20H 196 196.007 C7H4Nz05 195 195.018 C7H5N304 
M - 2 CHBCH~OH - CO 194 193.992 C7HzNz05 193 193.009 C7H3N304 


Journal of Pharmceutical Sciences I 165 
Vol. 70, No. 2, February 7981 







Table V-Mass Spectra of Ring-Opened One-Armed Mustards 


VI VII 
Mass (Relative Mass (Relative Probable 


Intensity) Intensity) Assignment 


400 (13) 
364 (29) 


351 (14) 
354 (7) 


- 
305 (13) 


318 (37) 
272 (21) 
245 (28) 
45 141) 
36 i65j 
31 (76) 
29 (100) 


436 (1 31 M’ 400 (4), 
M’- HCl 


390 (7) M - CH3CH20H 
387 (25) M - CHzCl 
364 (21) M-2HC1 


318 (26) 364 - CH3CHzOH 
272 (17) 
245 (17) 272 - C2H3 


364 - 2 CH3CH20H 


45 (37) C~HKO+ 
36 (100) HCli 
31 (71) 
29 (85) 


buffer concentration (0.01 M ) ,  and temperature (25 f 0.1’) but a t  varying 
ionic strengths. The ionic strength was controlled by the addition of so- 
dium chloride or sodium nitrate. 


The results are shown in Fig. 2. The logarithm of Koba is plotted uersus 
fiaccording to the method of Bronsted and Bjerrum (18). These plots 
resulted in straight lines ( r  > 0.970), indicating that the reaction was 
dependent on the ionic strength (fi). However, the disappearance rate 
of I was 1.1- to 4.6-fold faster in the presence of sodium chloride than in 
sodium nitrate due to the nucleophilic attack of the chloride ion on the 
aziridine ring(s) (19), producing, in addition to the hydrolysis products, 
the one-armed mustards (V-VII) in significant proportions (Table 
111). 


Compound VII was identified as 2,5-di(2’-chloroethylamino)-3,6- 
bis(carboethoxyamino)-1,4-benzoquinone by mass spectral analysis 
(Table V). Obvious losses of ethanol (mlz 390) and the chloromethylene 
radical (m/z 387) from the molecular ion (mlz 436) plus the characteristic 
isotopic pattern of two chlorine atoms (e.g., mlz 436) allowed definition 
of the key structural features of VII. Comparison with the mass spectrum 
of an authentic samplez4 confirmed this structural assignment. 


Degradation product VI was identified as the derivative of I in which 
only one aziridine ring was opened by chloride-ion attack, namely, 
2-aziridinyl-5-(2’-chloroethylamino)-3,6-bis(carboethoxyamino)-l,4 - 
benzoquinone. The mass spectral fragmentation is similar to that of VII, 
except for the molecular ion peak (mlz 400) and the presence of only one 
chlorine atom (Table V). 


The mass spectral analysis of V suggested the presence of 242‘- 
chloroethylamino) - 5-(2’-hydroxyethylamino)-3,6-bis(carboetboxy- 
amino)-1,4-benzoquinone. This degradation product was identified 
tentatively on the basis of an apparent molecular ion peak at mlz 418, 
displaying the characteristic isotope pattern of a single chlorine, as well 
as fragment peaks at mlz 387 (M - CHzOH) and 369 (M - CHZCl). 


M )  
were stored for 3 weeks in 0.01 M phosphate buffer (pH 6.5) under oxy- 
gen, nitrogen, and air a t  25 f 0.1’. Similar solutions were exposed to 
fluorescent light or kept in the dark at the same temperature. When as- 
sayed periodically, no difference was observed among the pseudo-first- 
order rate constants for the disappearance of I in these solutions as well 
as among the proportions of its degradation products. These observations, 
coupled with the reproducibility of the observed rate constants at various 
times and their strict adherence to pseudo-first-order kinetics, suggest 
nucleophilic (hydrolytic) rather than oxidative breakdown of I in aqueous 
solution. 


Degradation Patterns of I-Although this study does not permit 
definitive judgments on the detailed mechanisms of degradation of I 
throughout the pH range studied, it does demonstrate that I is subject 
to both general acid and base catalysis. Several reactions appear to be 
responsible for the degradation of I, the relative importance of each being 
dependent on both the buffer species and the form of I present in solu- 
tion. 


At  pH 3, the diaminoalcohol (111) was the major hydrolytic product; 
in solutions between pH 3 and 7, both I1 and 111 were present in varying 
amounts. Once the ethyleneimine was protonated, it became the primary 
target of nucleophilic attack by water or other nucleophiles to produce 
the respective degradation products. Ring opening by water or halogen 
acids is among the oldest and most often reported reaction for aziridines 
(20). At pH 3.0, the chromatogram of I a t  various time intervals provides 
conclusive evidence that hydrolysis constitutes the only degradative 


Oxygen and Light Effect-Identical solutions of I (2.75 X 
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s 
z 
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Figure 3-Concentration-time curves for I (O) ,  11 (A), and I I I  (01 at 
25 f 0.1’ and p H  3.0. 


pathway through a two-step sequential mechanism since a total of 1 mole 
of I1 plus I11 appears for each mole of I consumed. 


A typical plot of the hydrolysis of I and the appearance of I1 and 111 
at  pH 3.0 and 25 f 0.1’ is presented in Fig. 3. The rapid decrease of I is 
accompanied by an increase in 11, which reaches a maximum value after 
100 min and then decreases in an approximately linear fashion. After a 
lag period of 20 min, the concentration of 111 rises gradually. This pattern 
suggests two consecutive first-order reactions: 


1 2 1 1  2 111 
where K1 and Kz  are pseudo-first-order rate constants. Several methods 
(21, 22) have been described for the determination of the second rate 
constant of consecutive first-order reactions using dimensionless pa- 
rameters and variables. With the method of Jensen and Lamb (22), K2 
was 1.11 X (min-l) while K1 was 5.29 X (min-l). 


The data obtained from the degradation of I in solutions ranging from 
weakly acidic to weakly alkaline cannot be treated likewise. The 
pseudo-first-order disappearance rates of I in these solutionk are not 
conclusive evidence that ring-cleavage hydrolysis constitutes the only 
degradative pathway since new compounds are generated as the pH of 
the solution is raised. This additional degradation mode of I in solution, 
unlike acid-catalyzed solvolysis, involves the displacement of one or both 
aziridine moieties by nucleophiles. This decomposition pattern of I be- 
comes its major degradation route in basic media. 
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Abstract The analysis of aspirin and nonaspirin salicylates in buffered 
and plain tablet formulations employing nearly nonaqueous extraction 
is described. The results obtained compare favorably with those obtained 
from USP procedures. A simultaneous assay for aspirin and nonaspirin 
salicylates in buffered tablets involves the use of an acidified chroma- 
tographic siliceous earth column for the separation of the aspirin and 
nonaspirin salicylates from various buffers or antacids. The column is 
eluted with chloroform, and the aspirin and nonaspirin salicylates are 
analyzed by GLC as their trimethylsilyl derivatives. The methods de- 
scribed here have definite advantages over USP XX procedures, and the 
buffered aspirin tablet procedure also is adaptable to aspirin formulations 
containing codeine, acetaminophen, propoxyphene, caffeine, and many 
antihistamines. 


Keyphrases 0 Aspirin-simultaneous GLC analysis with nonaspirin 
salicylates in tablet formulations Salicylates, nonaspirin-simulta- 
neow GLC analysis with aspirin in tablet formulations GLC-analysis, 
aspirin and nonaspirin salicylates in tablet formulations 


The GLC analysis of aspirin and nonaspirin salicylates 
in solid pharmaceutical dosage forms and biological fluids 
has been reported (1-18). The extraction of nonaspirin 
salicylates from various buffers is accomplished by the 
current USP procedure; however, the USP procedure for 
the analysis of aspirin does not effectively free aspirin from 
aged tablets containing calcium, aluminum, and magne- 
sium buffers. Complexation of aspirin and nonaspirin 
salicylates with buffers has been reported (19-22). The 
current USP spectrophotometric procedures for aspirin 
tablets may not separate impurities such as acetylsalicyl- 
salicylic acid and acetylsalicylic acid anhydride (23-27). 
Analysis of aspirin and nonaspirin salicylates by high- 
pressure liquid chromatography (HPLC) also has been 
reported (28-35). Mobile phases and extractions 
employing methanol and water, even in small quantities, 
result in unavoidable hydrolysis of aspirin, thereby giving 


variable and nonreproducible quantitation of salicylic 
acid. 


The buffered aspirin tablet procedure described here 
enables the extraction of both aspirin and nonaspirin sa- 
licylates from excipients and buffers in a virtually non- 
aqueous procedure, thereby keeping hydrolysis of aspirin 
to a minimum. 


EXPERIMENTAL 


Materials-Aspirin USP reference standard (GLC purity 99.95%), 
salicylic acid USP reference standard (GLC purity lOO.O%), chromato- 
graphic siliceous earth prepared by the USP procedure, propylparaben 
USP, and N,O-bis(trimethylsily1)acetamide were used. Chloroform and 
hydrochloric acid were reagent grade. 


Simultaneous GLC Analysis of Aspirin and Nonaspirin Salicy- 
lates in Buffered Tablets-Znternal Standard Solution-About 425 
mg of propylparaben USP was diluted to 100 ml with chloroform and 
mixed. 


Aspirin Standard Preparation-About 125 mg of aspirin USP refer- 
ence standard was weighed accurately, transferred to a 50-ml volumetric 
flask, diluted to volume with chloroform, and mixed. The standard 
preparation was derivatized within 2 hr of preparation. 


Salicylic Acid Standard Preparation-About 15 mg of salicylic acid 
USP reference standard was weighed accurately, transferred to a 200-ml 
volumetric flask, diluted to volume with chloroform, and mixed. 


Assay Preparation-The average tablet weight of 20 tablets was de- 
termined, and the tablets were ground to a fine powder. Without delay, 
a portion of the ground tablets equivalent to 500 mg of aspirin was 
transferred to a small beaker containing 3.0 g of acid-washed chroma- 
tographic siliceous earth. The powders were mixed with a glass rod, 2.0 
ml of 6 N HCl was added, and the powders were mixed again with the 
glass rod. The mixture was transferred to a 20 X 2.5-cm chromatographic 
column, and the beaker was dry washed with 1.0 g of siliceous earth (glass 
wool was used at both ends of the column). 


The column was packed uniformly and eluted with successive portions 
of chloroform uia the sample beaker a t  the rate of -10 ml/min. About 
150 ml of the eluate was collected in a 200-ml volumetric flask. The tip 
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Abstract The analysis of aspirin and nonaspirin salicylates in buffered 
and plain tablet formulations employing nearly nonaqueous extraction 
is described. The results obtained compare favorably with those obtained 
from USP procedures. A simultaneous assay for aspirin and nonaspirin 
salicylates in buffered tablets involves the use of an acidified chroma- 
tographic siliceous earth column for the separation of the aspirin and 
nonaspirin salicylates from various buffers or antacids. The column is 
eluted with chloroform, and the aspirin and nonaspirin salicylates are 
analyzed by GLC as their trimethylsilyl derivatives. The methods de- 
scribed here have definite advantages over USP XX procedures, and the 
buffered aspirin tablet procedure also is adaptable to aspirin formulations 
containing codeine, acetaminophen, propoxyphene, caffeine, and many 
antihistamines. 


Keyphrases 0 Aspirin-simultaneous GLC analysis with nonaspirin 
salicylates in tablet formulations Salicylates, nonaspirin-simulta- 
neow GLC analysis with aspirin in tablet formulations GLC-analysis, 
aspirin and nonaspirin salicylates in tablet formulations 


The GLC analysis of aspirin and nonaspirin salicylates 
in solid pharmaceutical dosage forms and biological fluids 
has been reported (1-18). The extraction of nonaspirin 
salicylates from various buffers is accomplished by the 
current USP procedure; however, the USP procedure for 
the analysis of aspirin does not effectively free aspirin from 
aged tablets containing calcium, aluminum, and magne- 
sium buffers. Complexation of aspirin and nonaspirin 
salicylates with buffers has been reported (19-22). The 
current USP spectrophotometric procedures for aspirin 
tablets may not separate impurities such as acetylsalicyl- 
salicylic acid and acetylsalicylic acid anhydride (23-27). 
Analysis of aspirin and nonaspirin salicylates by high- 
pressure liquid chromatography (HPLC) also has been 
reported (28-35). Mobile phases and extractions 
employing methanol and water, even in small quantities, 
result in unavoidable hydrolysis of aspirin, thereby giving 


variable and nonreproducible quantitation of salicylic 
acid. 


The buffered aspirin tablet procedure described here 
enables the extraction of both aspirin and nonaspirin sa- 
licylates from excipients and buffers in a virtually non- 
aqueous procedure, thereby keeping hydrolysis of aspirin 
to a minimum. 


EXPERIMENTAL 


Materials-Aspirin USP reference standard (GLC purity 99.95%), 
salicylic acid USP reference standard (GLC purity lOO.O%), chromato- 
graphic siliceous earth prepared by the USP procedure, propylparaben 
USP, and N,O-bis(trimethylsily1)acetamide were used. Chloroform and 
hydrochloric acid were reagent grade. 


Simultaneous GLC Analysis of Aspirin and Nonaspirin Salicy- 
lates in Buffered Tablets-Znternal Standard Solution-About 425 
mg of propylparaben USP was diluted to 100 ml with chloroform and 
mixed. 


Aspirin Standard Preparation-About 125 mg of aspirin USP refer- 
ence standard was weighed accurately, transferred to a 50-ml volumetric 
flask, diluted to volume with chloroform, and mixed. The standard 
preparation was derivatized within 2 hr of preparation. 


Salicylic Acid Standard Preparation-About 15 mg of salicylic acid 
USP reference standard was weighed accurately, transferred to a 200-ml 
volumetric flask, diluted to volume with chloroform, and mixed. 


Assay Preparation-The average tablet weight of 20 tablets was de- 
termined, and the tablets were ground to a fine powder. Without delay, 
a portion of the ground tablets equivalent to 500 mg of aspirin was 
transferred to a small beaker containing 3.0 g of acid-washed chroma- 
tographic siliceous earth. The powders were mixed with a glass rod, 2.0 
ml of 6 N HCl was added, and the powders were mixed again with the 
glass rod. The mixture was transferred to a 20 X 2.5-cm chromatographic 
column, and the beaker was dry washed with 1.0 g of siliceous earth (glass 
wool was used at both ends of the column). 


The column was packed uniformly and eluted with successive portions 
of chloroform uia the sample beaker a t  the rate of -10 ml/min. About 
150 ml of the eluate was collected in a 200-ml volumetric flask. The tip 
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Figure 1-Gas chromatogram of 
the trimethylsilyl derivatives of 
salicylic acid (a), aspirin (b), and 
the internal standard, propyl- 
paraben (c), for buffered aspirin 
tablets. 


4 8 12 16 
MINUTES 


of the column was rinsed with chloroform, and the flask was brought to 
volume and mixed. The chloroform elution was conducted within 30 min 
of column packing, and the powdered tablets were sampled within 1 hr 
of grinding. 


Procedure-Aliquots (2.0 ml) of the aspirin standard preparation, the 
salicylic acid standard preparation, and the assay preparation were 
transferred to separate reaction vials. A 1.0-ml aliquot of the internal 
standard solution was added to each vial. The contents of all of the vials 
were derivatized using 250 pl of N,O-bis(trimethylsily1)acetamide with 
vigorous mixing for 30 sec. 


All vials were vented and heated at  60' for -15 min and then cooled 
to room temperature for subsequent injection into the gas chromato- 
graph. (The derivatized solutions are stable for 4 days in airtight con- 
tainers.) The gas chromatograph' was equipped with a flame-ionization 
detector and an electronic integrator2. The glass column typically was 
180 cm X 2 mm and was packed with 3% phenyl methyl silicone liquid 
phase (OV-17) on 100-120-mesh chromatographic silanized siliceous 
earth3. 


The temperatures of the injection port, column, and detector were 180, 
120, and 140°, respectively. The carrier gas was nitrogen at  a flow rate 
of -35 ml/min. Relative retention times for the trimethylsilyl derivatives 
of salicylic acid, aspirin, and propylparahen were 0.36,0.63, and 1.0, re- 
spectively (Fig. 1). In a suitable chromatogram, the resolution factor was 
not <2.0 between any two peaks, and the relative standard deviation was 
not >2.0 for five replicate injections of the standard preparation. At the 
completion of each sample chromatogram, the column temperature was 
raised to 240' for 3 min to purge the column of tablet excipients. 


Calculations-The quantities (in milligrams) of aspirin and salicylic 
acid in the portion taken for the assay preparation were calculated by the 
same formula, 100C(R,/R,), in which C is the concentration (in milli- 
grams per 2.0 ml) of the appropriate USP reference standard in the 
standard preparation and R, and R, are the ratios of the peak areas of 
the corresponding analyte to those of the internal standard obtained with 
the assay preparation and the standard preparation, respectively. 


Simultaneous GLC Analysis of Aspirin and Nonaspirin Salicy- 
lates in Aspirin Tablets-Znternal Standard Solution-About 1.7 g 
of propylparaben USP was diluted to 100 ml with chloroform and 
mixed. 


Aspirin Standard Preparation-About 100 mg of aspirin USP refer- 
ence standard was weighed accurately and transferred to a 50-ml glass- 
stoppered flask. 


Salicylic Acid Standard Preparation-About 30 mg of salicylic acid 
USP reference standard was weighed accurately, transferred to a 100-ml 
volumetric flask, diluted to volume with chloroform, and mixed. A 1.0-ml 
aliquot was transferred to a 50-ml glass-stoppered flask. 


Assay Preparation-The average tablet weight of 20 tablets was de- 
termined, and the tablets were ground to a fine powder. A portion of the 
ground tablets equivalent to 100 mg of aspirin was transferred to a 50-ml 
glass-stoppered flask. 


Procedure-A 5.0-ml aliquot of the internal standard solution and 15 
ml of chloroform were transferred to each 50-ml glass-stoppered flask 
containing the standards and assay preparations. All solutions were 
shaken mechanically for exactly 3 min and filtered. Without delay, a 
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Figure 2-Gas chromatogram of 
the trimethylsilyl derivatives of 
salicylic acid (a), aspirin (b), and 
the internal standard, propyl- 
paraben (c), for aspirin tablets. 


2.0-ml portion of each solution was derivatized with 300 pl of N,O-bis- 
(trimethylsilyl)acetamide, shaken for 30 sec, and heated at  60' for -15 
min. The GLC analysis (Fig. 2) was conducted as described for the buf- 
fered aspirin tablets. 


Calculations-The quantity (in milligrams) of aspirin in the portion 
taken for the assay preparation was calculated from C(R,/R,),  in which 
C is the concentration (in milligrams) of the USP reference standard in 
the standard preparation and R, and R, are the ratios of the peak areas 
of the corresponding analyte to those of the internal standard obtained 
with the assay preparation and the standard preparation, respectively. 
The nonaspirin salicylates were determined on a pass or fail 0.3% limit 
standard. 


RESULTS AND DISCUSSION 


Linearity and Precision-The response linearity for the described 
GLC methods was suitable for the entire assay range. The precision on 
multiple injections into the chromatograph was f0.4570 for the aspirin 
analysis and f1.0% for the nonaspirin salicylate analysis. 


Assay Specificity-Recoveries of aspirin and salicylic acid mixtures 
from the chromatographic siliceous earth column averaged 99.9 and 
99.8%, respectively. None of the commercial products analyzed produced 
any GLC interference. A camparison of the GLC analysis to the USP 
procedure for buffered aspirin tablets and plain aspirin tablets is shown 
in Tables I and 11, respectively. Table 111 shows the results of the GLC 
analysis of aspirin tablets containing aluminum and magnesium hy- 
droxides. 


Because of the good response linearity of the salicylic acid trimethylsilyl 
derivative, the actual percentages were calculated from a single-point 


Table I-Assay Results on Commercial Buffered Aspirin Tablets 


Aspirin, % of claim Nonaspirin Salicylates, % 
GLC USP - 


Product Method Method Method Method 


A 98.3 96.5 0.68 0.58 
B 98.2 98.2 0.73 0.75 
C 91.8 98.1 0.60 0.51 
D 93.1 94.5 0.41 0.36 
E 95.7 93.5 1.55 1.48 
SD" 1.51 0.045 


Standard deviation of the GLC method compared to the USP method. 


Table 11-Commercial Aspirin Tablets 


Aspirin, % of claim 
GLC USP GLC USP 


Nonaspirin Salicylates, % 


Product Method Method Method Method 


F 100.2 99.3 <0.3 <0.3 
G 100.5 100.9 <0.3 <0.3 
H 99.4 96.9 <0.3 <0.3 
I 102.0 99.8 <0.3 <0.3 
J 99.5 98.4 <0.3 <0.3 
SD" 1.15 


a Standard deviation of the GLC method compared to the USP method. 
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Table 111-GLC Assay Results on Aspirin Tablets Containing 
Magnesium and Aluminum Hydroxides 


stability indicating and adaptable to many pharmaceutical solid dosage 
forms of aspirin. 


Nonaspirin 
Aspirin, Salicylates, 


Lot Age YO of claim 70 


4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
SD” 


1 week 
2 weeks 
2 weeks 
2 weeks 
3 weeks 
3 weeks 
4 weeks 
5 weeks 
6 weeks 
6 weeks 
3 years 
3 years 
3 years 
4 years 
4 years 
4 years 


98.4 
99.4 
98.3 
99.1 
97.5 
98.5 


101.6 
100.5 
100.6 
100.9 
98.5 
96.3 
98.0 
99.2 
98.2 
98.4 


1.21 


0.18 
0.23 
0.25 
0.28 
0.33 
0.26 
0.28 
0.45 
0.47 
0.26 
0.89 
0.95 
0.80 
0.77 
0.99 
0.82 
0.032 


Average standard deviation of duplicate analyses. 


standard in the analysis of buffered tablets. The average aspirin assay 
for 21 determinations of buffered tablets by the GLC and USP procedures 
was 98.4 and 98.7%, respectively. The same values for 21 analyses of the 
nonaspirin salicylates were 0.58 and 0.58%, respectively. Plain aspirin 
tablets were determined on a pass or fail 0.3% limit standard. Analysis 
of aspirin in combination with codeine, caffeine, acetaminophen, pro- 
poxyphene, and many antihistamines, although not reported here, gave 
good results by a modified GLC procedure as described for buffered as- 
pirin tablets. 


Hydrolysis of Aspirin-Chromatographic siliceous earth has been 
used extensively as a partitioning medium for aspirin analysis (36-42). 
The USP employs this material with a ferric chloride-urea reagent to 
complex salicylic acid. The use of siliceous earth in the procedure de- 
scribed here is not as a partitioning medium but rather as a distribution 
and absorption medium. In this study, 2.0 ml of 6 N HCl was used for all 
commercial tablets tested. In practice, the acid strength can be adjusted 
so that it is in slight excess of the amount needed to neutralize the buffers 
in the tablet. 


The siliceous earth incorporated with the 6 N HCl and the ground 
tablet distributes the drug over a large surface area and adsorbs the 
buffers on the acidified surface, releasing the aspirin and nonaspirin 
salicylates to the chloroform eluent. The 2.0 mi of 6 N HCl is retained 
on the siliceous earth surface and has the capacity to solubilize -7 mg 
of the 500 mg of aspirin sample taken for assay. However, the buffers and 
tablet excipients, together with the siliceous earth, adsorb the available 
acid, thereby minimizing hydrolysis. The extraction is virtually non- 
aqueous, and the aspirin is out of solution. 


A previous report described the hydrolysis and kinetics of aspirin in 
relation to solution and concentration, giving a much lower hydrolysis 
rate of the drug out of solution (43). The hydrolysis rate of aspirin induced 
by the siliceous earth column was determined to be 4 . 0 6 %  for 30 min. 
In practice, the chloroform elution was conducted within 15 min of col- 
umn packing. Texts (44,45) and review articles (46,47) have detailed the 
decomposition, hydrolysis, and kinetics of aspirin with a list of over 300 
references. 


CONCLUSIONS 


Multiple analyses of aspirin and nonaspirin salicylates in solid phar- 
maceutical dosage forms have been difficult and time consuming by the 
USP procedures. The USP procedure is stability indicating for nonaspirin 
salicylates but not for aspirin. The GLC procedures described here are 
less time consuming and lend themselves to multiple analysis on a g& 
chromatograph equipped with an automatic injector. In practice, a 
chemist can prepare 15-20 samples daily employing the buffered aspirin 
tablet procedure and up to 40 samples daily with the plain aspirin tablet 
procedure. Beside the savings in analytical costs, these procedures are 
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BOOKS 


REVIEWS 


Essentials of Drug Product Quality: Concepts and Methodology. 
By MAHMOUD M. ABDEL-MONEM and JAMES G. HENKEL. C. 
V. Mosby, 11830 Westline Industrial Drive, St. Louis, MO 63141. 1978. 
274 pp. 20 X 25 cm. Price $14.95. 
This text, according to the preface, is designed for first professional 


year pharmacy students. It is unique in two respects: (a) it attempts to 
integrate the elements of quality assurance of drugs and drug products 
with the accompanying methodology (directed toward both the drug 
product and the drug in biological fluid); and ( b )  it employs a format and 
style designed to support the use of the personalized system of instruction 
(PSI). PSI is described as “characterized by a mastery learning re- 
quirement, student self-pacing within the course, the use of proctors for 
immediate grading of tests taken by students for each unit (chapter), and 
infrequent lectures.” Nevertheless, the format should lend itself well to 
a more traditional mode of instruction. In this regard, each of the 21 
chapters begins with a list of performance objectives for the student and 
closes with a more than ample list of study questions and practice prob- 
lems. The writing generally is very readable and lucid. 


The first three chapters provide a well-planned, coherent treatment 
of the principles of drug product selection and include an introduction 
to dosage forms, the history and purpose of the official compendia, the 
role played by the FDA in drug product quality assurance, and drug 
product selection based on pharmaceutical equivalence and bioequiva- 
lence. However, some instructors may desire more depth in the treatment 
of dosage forms and bioequivalence. The treatment of the basis, appli- 
cation, and interpretation of official tests for unit-to-unit variation and 
uniformity (Chapter 2) is especially well done. However, the few sentences 
devoted to the dissolution test in Chapter 3 are incomplete and superfi- 
cial. Chapters 4 and 5, which discuss data analysis and significance 
testing, are especially noteworthy. 


The preface suggests that the analytical methodology chosen to be 
discussed (Chapters 6-20) is that supporting the quality assurance of 
drugs and states that the “important analytical methods” are covered. 
This philosophy apparently influenced the selection of t,opics, which 
include ionic equilibria (Ksp and acid-base chemistry) (two chapters), 
solvent extraction principles (one chapter), gravimetric analysis (one 
chapter), volumetric analysis (acid-base and redox) (two chapters), 
spectrometry (UV, colorimetry, IR, fluorescence, and mass spectrometry) 
(five chapters), chromatography (column, TLC, GLC, and HPLC) (three 
chapters), and radioactivity (one chapter). The emphasis is on the 
analysis of organic drugs and less on inorganic substances, as evidenced 
by the absence of precipitation and complexometric titrations among the 
volumetric techniques discussed and the omission of the analysis of 
heavy-metal ions among the gravimetric techniques. Also, electrochemical 
techniques are ignored, although cursory consideration is given to redox 
potentials in the section on redox titrations and potentiometric end-point 
determination is referred to in some examples of titrimetric analysis. 


Each subject begins with a review of chemical principles at an ele- 
mentary, general chemistry level. However, the scope often is limited. 
For example, amphiprotic salts and polyprotic acids are not dealt with 
in the chapter on acid-base equilibria, the use of acid-base titrimetry 
in the analysis of esters by saponification is discussed but a related ap- 
plication to the acylation of alcohols is not, and although chemically 
bonded stationary phases in HPLC are considered, formal allusion to 
reversed-phase methodology, one of the fastest growing techniques ap- 
plied to drug analysis, is absent. However, the chapters on spectrometric 
and chromatographic methods are particularly well presented and pro- 
vide the best depth of coverage of any of the topics discussed. 


Among the most useful components of the chapters on methodology 
are the examples given to illustrate the principles. These examples, taken 
primarily from USP XIX and NF XIV, form an essential part of the 
textual material of the chapter since, in many cases, information or 
methodology may be presented here that is not dealt with in the main 
part of the chapter. Similar examples from the compendia also are offered 
as problems in the study guide found at  the end of each chapter. 


Chapter 21 deals with the use of the scientific literature and is followed 
by an appendix reviewing elementary mathematical operations (signif- 
icant figures, exponents, powers, roots, and logarithms). 


In summary, this is a generally well-written and well-designed text that 
uniquely incorporates principles of drug product selection, quality as- 
surance, and analytical methodology. As such, the tex t  could find ap- 


plication in a modern pharmacy curriculum; however, supplementation 
may be needed in certain areas. The major portion of the text provides 
a survey at  the elementary level of certain methodology applied to the 
analysis of organic drugs. For more detailed and more comprehensive 
coverage of these topics, one of the more standard texts in pharmaceutical 
or analytical chemistry may be more appropriate. 


Reoiewed by Larry L. Augsburger 
Department of Pharmaceutics 


S. Edward Krikorian 
Department of Medicinal Chemistry1 


Pharmacognosy 
School bf Pharmacy 
University of Maryland 
Baltimore, MD 21201 


and 


The Basis of Medicinal Chemistry: Burger’s Medicinal Chemistry, 
4th Ed., Part I. Edited by MANFRED E. WOLFF. Wiley, 605 Third 
Ave., New York, NY 10016.1980.497 pp. 17 X 25 cm. Price $29.50. 
Part I is the first of a three-volume work containing 12 chapters. This 


multiauthored text presents underlying principles of medicinal chemistry 
and includes new areas and topics representing the changes in the 
pharmaceutical sciences since the last edition. The authors, chosen by 
the editor, are considered to be authorities in their field. The topics are 
reminiscent of those in the “Principles of Drug Action: The Basis of 
Pharmacology, 2nd ed.,” by A. Goldstein, L. Aronow, and S. M. 
Kalman. 


The 12 subjects covering 478 pages in this volume were selected ap- 
parently on the basis of their broad appeal. They include an introductory 
chapter dealing with a historical account of medicinal chemistry; one 
chapter on Drug Absorption, Distribution, and Elimination; two chapters 
on metabolism, Drug Biotransformation-Oxidation, Reduction, Hy- 
drolytic and Conjugation Reactions and Chemical and Biological Factors 
Influencing Drug Biotransformation; three chapters based on drug- 
receptor interactions, Receptor Theories and Dose-Response Rela- 
tionships, Drug-Receptor Geometry, and The Nature of the Drug- 
Receptor Bond; three chapters on the methods of drug design, Guidelines 
for Drug and Analog Design, Approaches to the Rational Design of En- 
zyme Inhibitors, and QSAR, and two chapters covering Drug Allergy and 
Chemical Carcinogenesis. The chapters on metabolism, drug-receptor 
interactions, and drug design were particularly interesting. 


With well-written chapters, a thorough and updated literature coverage 
in most chapters (3451 references of which 1337 are in the introductory 
chapter) for further investigation, and a comprehensive subject index, 
this book accomplishes its purpose as a secondary source for the biologist 
and medicinal chemist in industry and academia. This text can be rec- 
ommended as a useful reference to graduate students for an advanced 
course in medicinal chemistry and other disciplines (biochemistry, 
pharmacology, biophysics, microbiology, and biu-organic). Most re- 
searchers in these areas will find this book to be a useful addition to their 
library. 


Reviewed by Robert A. Magarian 
Department of Medicinal Chemistry 
College of Pharmacy 
Health Sciences Center 
University o/ Oklahoma 
Oklahoma City, OK 73190 


Handbook of Basic Pharmacokinetics, 2nd ed. By WOLFGANG A. 
RITSCHEL. Drug Intelligence Publications, Hamilton, IL 62341.1980. 
454 pp. 11 X 19 cm. Price $19.50. 
The author views this book not as a textbook but rather as a collection 


of pharmacokinetic facts. The book meets this definition well. It is a 
comprehensive collection of important facts necessary to the under- 
standing of pharmacokinetics. 


This edition has new sections on dosage adjustment in the elderly and 
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Abstract 0 Proxyphylline metabolism after oral administration to hu- 
mans was studied. The only metabolic process detected was N3-de- 
methylation, and l-methyl-7-(2-hydroxypropyl)xanthine was isolated 
and identified. Proxyphylline was excreted in urine both as unchanged 
compound (12.7% of dose) and as its metabolic product (30.2% of dose). 
The latter substance was not found (detection limit = 1 pg/ml) in the 
systemic circulation. Thus, it probably does not participate in the 
pharmacological activity of proxyphylline in uiuo, although it was as 
active as the parent drug in relaxing the guinea pig tracheal chain. Lack 
of metabolism to uric acid derivatives is explained by the low affinity of 
both substances toward the enzymes that oxidize xanthine (xanthine 
oxidase) and methylxanthine derivatives. The presence of the metabolite 
in urine interferes with some analytical methods developed for estimation 
of unchanged proxyphylline. Published data on the urinary excretion of 
this drug need reevaluation. 


Keyphrases 0 Proxyphylline-metabolism after oral administration, 
N3-demethylation Pharmacokinetics-proxyphylline, diuretics, 
N3-demethylation 0 Xanthine derivatives-metabolism of proxyphylline 
in humans Diuretics-proxyphylline, metabolism after oral adminis- 
tration, N3-demethylation 


Substitution of the hydrogen atom at  position 7 of the 
theophylline nucleus has received increased attention in 
the search for better tolerated and pharmacologically more 
selective theophylline-like compounds (1-9). The biode- 
gradation of 7-substituted theophyllines follows three 
main metabolic pathways in humans: N-dealkylation of 
one or two of the alkyl groups at positions 1,3, and 7; C*- 
oxidation of the unchanged drug andlor its N-dealkylated 
metabolites to uric acid derivatives; and conjugative or 
oxidative metabolism of the N7-side chain. 


The chemical structure of the N7-substitution dictates 
the relative importance of these metabolic pathways for 
each individual compound. The metabolism of theophyl- 
lines with small alkyl side chains such as caffeine (10-13) 
or with large ones such as pimefylline (14), xanthinol(15), 
or fenethylline (16) has been described. Little is known, 
however, about the biodegradation of theophyllines sub- 
stituted by medium-sized hydroxy alkyl groups (17, 18), 
although some of them, such as etofylline, dyphylline, and 
proxyphylline, are widely used in treatment of respiratory 
tract diseases. 


A study of proxyphylline [7-(2-hydroxypropyl)theo- 
phylline] metabolism was undertaken because serious 
discrepancies exist in the literature about the amount of 
unchanged proxyphylline excreted in the urine of volun- 
teers given the drug orally (19,20). The variability of the 
results seems to be unrelated to the specificity of the an- 
alytical method used and suggests the existence of meta- 
bolic products structurally similar to the parent drug. 
Other methylxanthines are oxidized to uric acid derivatives 
either by xanthine oxidase, i.e., 1-methylxanthine (21-23), 
or by other enzymatic systems (24). In a preliminary step, 
the possible interaction between proxyphylline and xan- 
thine oxidase was investigated. Nevertheless, relevant 
information was obtained after oral administration of the 


drug to volunteers. The results of these studies confirm the 
existence of a metabolite and indicate that the main, if not 
the only, metabolic process of the drug in humans is N3- 
demethylation. 


EXPERIMENTAL 


Incubations with Xanthine Oxidase-The determination of enzy- 
matic activity was carried out by the method of Doming0 (25), which 
measures the absorbance at  600 nm of the oxidized form of 2,6-dichlo- 
roindophenol. The enzymatic system contained 0.027 mg of xanthine 
oxidase'/ml, 3.5 X M 2,6-dichlor~indophenol~, and several con- 
centrations of xanthine2, pr~xyphylline~, and isolated proxyphylline 
metabolite. The incubation medium and the solutions used were prepared 
in a 0.05 M phosphate buffer (pH 7.4) (26). Solutions of xanthine, theo- 
phylline3, and metabolite were prepared by dissolving the drugs in a small 
volume of concentrated sodium hydroxide, followed by addition of the 
phosphate buffer and final adjustment of the pH to 7.4 with dilute hy- 
drochloric acid. The temperature was maintained at 25 f lo ,  and the 
absorbance was determined with a spectrophotometefl. 


Drug Administration to Humans-In a preliminary qualitative 
assay, an oral dose of 300 mg of proxyphylline was administered to two 
healthy men. Proxyphylline was dissolved in water containing sucrose. 
No food was allowed from 9 hr before until 2 hr after drug administration. 
Urine was collected prior to the experiment and for the 0-8 and 8-24-hr 
periods. Excreted volumes were measured, and 25-ml samples were stored 
at  -20' until analysis by TLC. 


In a second quantitative assay, 300 mg of proxyphylline was adminis- 
tered to five healthy men (73-98 kg, mean 81.8 kg; 23-38 years, mean 30.8 
years). The administration conditions and urine collection procedures 
were the same as in the preliminary assay. Blood samples were obtained 
from the cubital veins of the forearm with heparinized syringes imme- 
diately before admiiiistration and at  0.5,1,2,4,6,8, and 12 hr. The plasma 
was separated after centrifugation and stored under the same conditions 
as urine until analysis. 


To isolate enough of the proxyphylline metabolite to study its structure 
and properties, three gelatin capsules, each containing 750 mg of prox- 
yphylline, were administered to six healthy men, one capsule every 12 
hr. All urine excretd for 9 hr after the third dose was colleded and stored 
at -20° until analysis. 


Isolation and Purification of Proxyphylline Metabolite-Urine 
excreted by the six volunteers (2.85 liters) was chromatographed through 
a glass column (30 X 3.5 cm) filled with resin5. Excess water in the column 
then was removed by vacuum applied to the lower end, and the column 
was eluted with 900 ml of methanol. Air bubbles were removed by gentle 
agitation of the resin with a glass rod. The methanol eluate was evapo- 
rated to dryness in uacuo. The residue was washed three times with 50 
ml of methanol, once with 35 ml of chloroform, and twice with 14 ml of 
ethanol and was dried in U ~ C U O  over phosphoric anhydride for 2 days. 
A white powder (364 mg) was obtained. 


This compound was shown by TLC6 in Solvent Systems 1 (chloro- 
form-methanol-25% ammonia solution, 1041)  and 2 (chloroform- 
methanol-ethyl acetate-99.5% acetic acid, 7810102) to be mainly the 
expected proxyphylline metabolite (Rr 0.42 in Solvent 1 and Rf 0.23 in 
Solvent 2). Its purity was 8488% as determined by comparison of its 
molar absorptivity with that of proxyphylline and xanthine at 270 nm 
(pH 7.4). The identification of its structure was carried out by spectro- 


Extracted from cow milk, Boehringer Mannheim, West Germany. 
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Beer (27). It was immersed in a bath containing an oxygenated Kreb's 
solution and was subjected to an initial tension of 0.5 g. The addition of 
isoproterenollO, theophylline, proxyphylline, and the purified proxy- 
phylline metabolite to the bath allowed comparison of their relative 
myorelaxant effects". Isoproterenol, theophylline, and proxyphylline 
were dissolved directly in saline (0.9% NaCI). However, to obtain a saline 
solution of proxyphylline metabolite, it was necessary to boil and reflux 
the suspension for -15 min. The metabolite was stable under these 
conditions. The concentrations studied for each compound are indicated 
in Fig. 2. 


Quantitative Analysis of Proxyphylline and Its Metabolite in 
Human Plasma and Urine-Proryphylline in Plasma-Plasma 
samples (1 ml) were made alkaline with 0.5 N NaOH (0.2 ml) and were 
extracted for 1 hr with chloroform (6 ml). The organic phase was sepa- 
rated by centrifugation and evaporated under a nitrogen stream. The 
residue was dissolved in chloroform, applied to precoated thin-layer 
plates6, and developed further with Solvent System 2. Quantification was 
carried out by photodensitometryL2 by measuring the diminution of 
background fluorescence at  525 nm (excitation at 254 nm) induced by 
the proxyphylline spot (Rf  0.36). The calibration curves were obtained 
after addition of known amounts of proxyphylline to plasma samples 
subsequently subjected to extraction. 


Proxyphylline Metabolite in Plasma-Plasma samples (1 ml) were 
added to resin5 (0.3 g) and shaken for 5 min. The aqueous phase was 
separated, and the resin was eluted three times with 1 ml of methanol with 
vigorous shaking for 5 min. The extracts were combined and evaporated 
to dryness under a nitrogen stream, and the residue was dissolved in a 
small amount of methanol. Quantitation was carried out by TLC and 
photodensitometry12 as previously described, using Solvent System 2. 
The addition of known amounts of purified metabolite to plasma samples 
showed that the extraction yield was nearly 100%. The detection limit 
was 1 pg/ml. 


Proryphytline and Its Metabolite in Urine-Samples of urine (40 pl) 
were applied directly onto precoated thin-layer plates, which were de- 
veloped with Solvent System 1. Analysis was performed by photodensi- 
tometryL2 as previously described. The responses were compared with 
those obtained from known amounts of proxyphylline and its purified 
metabolite added to control urines. The R, value of proxyphylline in this 
system was 0.79. 


RESULTS AND DISCUSSION 


The oral administration of caffeine (1,3,7-trimethylxanthine) to rats 
and humans gives rise to the excretion of the following substances: 
1,3,7-trimethylxanthine (lo), 1,3,7-trimethyluric acid ( l l ) ,  1,3-di- 
methylxanthine (theophylline) (12), 1,3-dimethyluric acid (lo), 1,7- 
dimethylxanthine (paraxanthine) (lo), 1,7-dimethyluric acid (13), 1- 
methylxanthine (lo), 1-methyluric acid (10,13), 7-methylxanthine (lo), 
7-methyluric acid (13), and 3-methyluric acid (11). Thus, there are two 
main metabolic pathways for caffeine, N-demethylation and Cs-oxidation 
of the various methylxanthines to uric acid derivatives. The metabolism 
of theophylline and theobromine, when given orally to humans, is similar 
(10,28). 


The C8-oxidative metabolism can be partially studied by following the 
reaction of each substrate with the enzyme, xanthine oxidase. It is known 
that caffeine (29) and other methylxanthines are not oxidized by this 
enzyme, whereas 1-methylxanthine is oxidized to its uric acid derivative 
by bovine milk (21) or by rat hepatic (22) xanthine oxidases. Recently, 
it was demonstrated by giving theophylline and allopurinol to humans 
(23) that 1-methyluric acid seems to be the only metabolite arising from 
direct oxidation of its substrate (1-methylxanthine) by hepatic xanthine 
oxidase. Therefore, the oxidative metabolism of proxyphylline and its 
isolated metabolite by xanthine oxidase was studied. 


Bovine milk xanthine oxidase was used since this enzyme and human 
hepatic xanthine oxidase have a similar specificity for purine derivatives 
(21). Proxyphylline was incubated at  concentrations of 1 X and 1 
X and 5 X lod4 M. 
These concentrations were equal to and were five and 10 times higher 
than the concentration of xanthine that saturates the system (21). Under 
these conditions, no reaction was observed, which may have been due to 
either a lack of affinity for the enzyme or a lack of intrinsic activity of the 
enzyme when the substrates are a t  the active site. The ability of proxy- 
phylline and its metabolite to inhibit competitively the xanthine-xan- 


M, and its metabolite was incubated at 1 X 
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Figure $-Effects induced by isoproterenol (isoprenaline), theophylline, proxyphylline, and its metabolite on the myorelaration of the isolated 
guinea pig tracheal chain. The substances were dissolued in 0.9% NaCl and were added (4 ml) to the bath (40 ml) to reach the final concentrations 
indicated in the figure. 


thine oxidase system was studied to distinguish between these possibil- 
ities. The xanthine concentrations in the incubation media were 2.5 X 


and 1 X lo-* M. The concentrations of proxy- 
phylline and the metabolite were the same as previously indicated. 
Neither substance altered the oxidation rate of xanthine, which suggests 
that they have a low affinity for the enzyme, as is the case for caffeine, 
theophylline, and theobromine (30). Apparently the di- and trisub- 
stitution of the xanthine nucleus prevents the interaction with xanthine 
oxidase (21.30). 


When 300 mg of proxyphylline was given orally to two volunteers, vi- 
sual evaluation (254 nm) of thin-layer plates of urine extracts showed only 
two new spots compared with control urine. One spot was identified as 
unchanged proxyphylline. Only 28.4 mg was excreted during the first 8 
hr, and 24.8 mg was excreted during the following 16 hr. The second 
compound had lower Rf values and was excreted in higher concentrations. 
This metabolite was isolated from the combined urine of six volunteers 
given high doses of proxyphylline. Its structure was investigated by 
spectral methods, and it was identified as l-methyl-7-(2-hydroxypro- 
py1)xanthine based on the following evidence: 


1. The UV absorption spectrum of the metabolite in methanol and 
aqueous neutral solutions (Fig. 1A) was virtually identical to that of 
proxyphylline and xanthine. Under these conditions, the absorbance 
maximum of uric acid was at 290 nm. The absorption maximum of the 
metabolite shifted to 287 nm in alkaline solutions (Fig. lA), as occurs with 
xanthine hut not with proxyphylline. The tautomerism of N3-H is in- 
volved in the bathochromic shift of the xanthine spectrum (31). No 
tautomerism exists for N1-H (31). 


2. Apart from the disappearance of the singlet corresponding to a 1- 
methyl group, the NMR spectrum of the metabolite (Fig. 1B) was similar 
to that of proxyphylline: 6 1.28 (d, C-CH3), 3.27 (9, N-CH3), 3.46 (s, 
N-CHd, 4.10 (m, CHrCHOH), and 8.08 (s, sCH) ppm. It was shown 
(32,33) that the "-methyl group always appears upfield with respect 
to the N3-methyl group. Thus, the methyl group ( 6  3.25 ppm) in the 
spectrum of the metabolite is located at  position 1. 


3. The IR spectrum of the metabolite (Fig. 1C) confirmed the lack of 
C8-oxidation since no variation was observed in the CO stretching bands 
when compared to proxyphylline (1650 and 1690 cm-'). 


4. The mass spectrum (Fig. 1D) confirmed the postulated structure. 


5 X 1 X 
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Figure 3-Mean plasma concentrations of unchanged proxyphylline 
in five human volunteers given 300 mg of the drug by the oral route. 
Vertical bars are units of the standard error of the mean. 


The molecular ion (M+ at m/t 224) is in accordance with the formula 
C~HlzN403. The N7-side chain is unaltered as indicated by the frag- 
mentation of the a and p bonds (m/z 166,167,179, and 180) when com- 
pared to proxyphylline (34). All ions bearing the purine ring appeared 
14 amu lower than the corresponding ions in the proxyphylline spectrum 
(34), thus confirming the absence of the N3-methyl group. 


5. The solubility of the metabolite in aqueous neutral solutions (pH 
7.4) was comparable to that of xanthine but much lower than that of 
proxyphylline. The solubility of the metabolite increased in strong al- 
kaline media due to the ionization of the tautomeric enolic form involving 
C2 and N3. 


N3-Demethylation of proxyphylline is in accord with the metabolic 
stability of the caffeine methyl groups (1 > 7 > 3) in humans (10). NOW- 
or N1-metabolic dealkylation of proxyphylline metabolite is subsequently 
produced, in accordance with the results of Cornish and Christman (lo), 
who found that didealkylation did not occur when theophylline and 
theobromine were given to humans. They did not observe urinary ex- 
cretion of xanthine or uric acid above the normal levels. Other N7-sub- 
stituted theophyllines with larger side chains are N7-dealkylated to 
produce theophylline, e.g., pimefylline {7-[2-[(3-pyridylmethyl)ami- 
no]ethyl]theophylline) (14) and fenethylline {7-[2-[(a-methylphen- 
ethyl)amino]ethyl]theophylline) (16), whereas xanthinol (7-[2-hy- 
droxy-3-[(2-hydroxyethyl)methylamino]propylJtheophylline) and dy- 
phylline [7-(2,3-dihydroxypropyl)theophylline] behave as proxyphylline 
and its metabolite since no N7-dealkylation is observed (15,17,18). The 
latter four compounds carry an hydroxyl group on the @-position of the 
side chain that may prevent the carbinolamine formation postulated (35, 
36) to be the first step of N-dealkylation. The complexity of the W-side 
chain also seems to play an important role in the Cs-metabolic oxidation 
of this class of substances. Proxyphylline and its metabolite, like other 
theophyllines substituted in position 7 by large groups, are not oxidized, 
whereas the 7-methylxanthines are excreted partially as uric acid de- 
rivatives (10, l l ,  13). The enzymatic system involved, however, was not 
determined. Xanthine oxidase does not seem to be involved (21, 24, 
30). 


Equimolar amounts of proxyphylline and its metabolite gave an 
equivalent relaxation of the isolated guinea pig tracheal chain, although 
these compounds were less active than theophylline and isoproterenol 
(Fig. 2). The metabolite was not detected (detection limit = 1 pglml) in 
the plasma samples of six volunteers given 300 mg of proxyphylline orally. 
The levels of the parent drug in the same samples (Fig. 3) were similar 
to those previously described for an equivalent dose (19, 20, 37-40). 
These results indicated that in spite of its j3-adrenergic activity, 
l-methyl-7-(2-hydroxypropyl)xanthine probably does not participate 
in the clinical actions of proxyphylline. Despite the lack of detection of 
the metabolite in the systemic circulation, it was verified as the major 
pathway for the renal excretion of proxyphylline in humans (Table I). 
The mean values of metabolite excreted in the urine were 16.9% of the 
dose in the 0-8-hr period and 13.3% of the dose during the following 16 
hr. These values were twice those found for proxyphylline (8.5 and 4.1%, 
respectively). 


Table I-Cumulative Urinary Excretion of Proxyphylline and 
Its Metabolite9 


Hours Proxwhslline Metabolite 


8 
24 


8.5 f 3.0b 16.9 f 2.9 
30.2 f 3.6 12.6 f 2.9 


0 Oral administration of 300 mg of proxyphylline to five humans. Percentage 
of dose (mean f S E M ) .  
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The high amounts of l-methyl-7-(2-hydroxypropyl)xanthine appearing 
in the urine of humans given proxyphylline and the close similarity be- 
tween the chemical structure of both compounds indicate the need for 
specific methods to estimate the unchanged drug concentrations in those 
samples. Some results obtained by nonspecific spectrophotometric 
methods (19,41,42) will need reevaluation. I t  has been verified that the 
method of Driever (43), modified by Ritschel and Banarer (41) to estimate 
unchanged proxyphylline in urine, does estimate the unchanged drug 
plus its metabolite, l-methyl-7-( 2-hydroxypropy1)xanthine. 
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Abstract 0 A method is suggested to obtain solubility parameters for 
crystalline solid compounds, involving a quadratic equation based on the 
original Scatchard-Hildebrand solubility expression. The geometric 
mean, 6162, of the Hildebrand approach is replaced by ~ 1 2  = K6162, and 
log ad(V2&2.3RT) is regressed against 61 in a second-degree power 
series for parabens and benzoic acid in a series of normal alcohols. The 
method provides reasonable solubility parameters for the solid solutes 
and affords a convenient calculation of the solubility of drugs in a ho- 
mologous series of solvents. 


Keyphrases 0 Solubility parameters-calculation for crystalline solids 
Parabens-calculation of solubility parameters in normal alkanols 0 


Solids, crystalline-calculation of solubility parameters 


Solution theory (1) begins with the well-known rela- 
tion: 


-log XZ = -log xi + log a 2  (Eq. 1) 


where X2 is the solute mole fraction solubility, X i  is the 
ideal solubility of the solid, and a2 is the solute activity 
coefficient. According to regular solution theory as for- 
mulated by Hildebrand and Scott (1) and Scatchard (2), 
the logarithm of the activity coefficient is written as: 


v2" ( w 1 +  w2 - 2 ~ 1 2 )  log - - log a2 = ~ (Eq. 2) a; - 
XZ 2.303RT 


where a$ is the activity of the solid solute referenced to the 
pure supercooled liquid and equals Xb for an ideal solution, 
Vz is the molar volume of the solute (subscript 2), $1 is the 
volume fraction of the solvent (subscript l), R is the molar 
gas constant, T is the absolute temperature at  which the 
study is conducted, w1 and w2 are the cohesive energy 
densities of the solvent and solute, and w 12 is the adhesion 
energy density of the solute-solvent pair. The square roots 
of the energy densities are known as solubility parameters, 
6i, and may be obtained from the energy or heat of va- 
porization per cubic centimeter: 


In regular solution theory, it is assumed that the solute- 
solvent interaction energy, w12, may be expressed as the 
geometric mean of the solvent, w1, and the solute, w2: 


W1' = (WlWZ)1'2 = 6162 (Eq. 4) 


Substitution of the geometric mean into Eq. 2 yields the 
logarithmic activity coefficient of the Hildebrand-Scat- 
chard solubility equation: 


log a p  = A(@ + 6; - 26162) = A(& - 62)* (Eq. 51 


where A equals V&q/(2.303RT). 


THEORETICAL 


Solubility parameters of crystalline compounds usually have been 
obtained from solubility measurements. Equation 2 shows that when the 
drug is dissolved in a solvent of the same 6 value, i.e., when W I =  W Z ,  the 
right-hand term of Eq. 2 approaches (but does not ordinarily equal) zero. 


Table I-Heats of Fusion of the Parabens 


Apparent 
A H m  


Compound Melting Point (Ref. 4) AHLa 


Ethylparaben 389.7 "K 4243 6100 
Propylparaben 369.7 OK 4026 6250 
Butvlnaraben 343.2 OK 3737 6410 


Methylparaben 399.7 O K  4352 5400 


~ ~ 


Values obtained from the United States Pharmacopeial Laboratories. 


Then: 


log X Z  = log a; = log X i  (Eq. 6) 


signifying that the drug is dissolved to form a nearly ideal solution, one 
in which maximum solubility is obtained, barring solvation effects. When 
a pure solvent or solvent mixture is found that yields a nearly ideal so- 
lution, characterized by a peak in the solubility profile (plot of X Z  versus 
61), it can be assumed that the solute solubility parameter, 6 2 ,  is equal 
to the solubility parameter of the solvent system. 


This peak solubility approach to finding 82 values for drugs and other 
crystalline compounds has been used in several investigations (3-5). A 
similar procedure, involving the observation of maximum swellihg, is used 
in the plastics industry to obtain solubility parameters of polymers. The 
method has its shortcomings, particularly when a sharp, single maximum 
value is not observed in the solubility curve. Additional methods for 
obtaining 6 2  values of solids therefore would be of considerable value, not 
only for predicting solubilities but also in dosage form design, bioavail- 
ability studies, and studies designed to investigate pharmaceutical so- 
lutions on a theoretical basis. 


Modification of the activity term of Eq. 5 provides another approach 
for calculating 62  values for crystalline compounds. In solutions ordinarily 
of interest to the pharmaceutical scientist, semipolar drugs are dissolved 
in nonpolar and polar solvents, and the geometric mean seldom can be 
assumed to apply. However, ~ 1 2  and 6162 may be related by introducing 
a proportionality constant, K (6): 


~ 1 2  = K616z (Eq. 7) 


Equation 5 then becomes: 


log a p  = A(@ + 6% - 2K6162) (Eq. 8) 


Rearrangement of Eq. 8 yields: 


-- log a' - 6; - (2K62)61+ 6f 
A (Eq. 9) 


which suggests a power series of log az/A in 61 (7-9)'. 
If a aolid drug such as benzoic acid is dissolved in a number of Solvents 


of a particular class, such as the normal alcohols, it should be possible to 
regress the experimentally obtained quantity, log (ayXz)/A = (log az)/A, 
against 61 in a second-degree power series: 


(log az)/A = B + C61+ 06: (Eq. 10) 


By this procedure, one may obtain the solubility parameter 62  of crys- 
talline compounds such as drugs, excipients, and biochemicals found in 
polar pharmaceutical solutions. 


RESULTS AND DISCUSSION 


It is assumed that log a2 is known from experimental solubility mea- 


1 See G. Cav6, R. Kothari, F. Puisieux, A. Martin, and J. T. Carstensen, Int. J.  
Pharm., 5,267 (1980). 
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Table 11-Coefficients of the Quadratic Equation for (Log a2) /A Regressed on Solubility Parameters of Parabens and Benzoic Acid 
in n-Alkanols * at 25 O 


Data from Ref. 4 Data from Ref. 10 Combination of Refs. 4 and 10 
Compound B I  c1 Di B2 CZ D2 B3 c3 D3 


Methylparaben 186.411994 -33.477824 1.495773 70.477644 -11.539949 0.466753 63.444455 -10.524791 0.430560 
Ethylparaben 143.159953 -25.763854 1.134002 75.774512 -12.834344 0.520475 70.173648 -12.018541 0.491099 
Propylparaben 78.085942 -14.104458 0.618690 39.692531 -6.805210 0.276630 39.192279 -6.809410 0.279553 
Butylparaben 49.701722 -8.027767 0.285181 67.542467 -10.479523 0.363866 61.081553 -9.519539 0.328528 
Benzoic acid 449.521048 -79.852095 3.546044 - - - - - - 


The compounds were studied in methanol, ethanol, propanol, butanol, hexanol, octanol, and decanol. 


Table 111-Solute Solubility Parameter and K Value Obtained from Quadratic Equation of Table I1 and Eqs. 13 and 14 


Compound 
Data from Ref. 4 Data from Ref. 10 Combined Results from Refs. 4 and 10 


62  K 62  K 6 2  K 


Methylparaben 11.16 1.00244 12.29 1.00602 12.14 1.00686 
1.02365 Ethylparaben 11.24 1.01103 12.07 1.02184 11.95 


Propylparaben 11.23 1.01462 11.98 1.02685 11.84 1.02860 
Butylparaben 13.20 1.066 15 13.62 1.05694 13.64 1.06254 
Benzoic acid 11.26 1.00002 - - - - 


surements, together with an estimate of X i ,  which usually is obtained 
by measuring the heat of fusion and the melting point of the compound 
by differential scanning calorimetry (8,lO) or differential thermal analysis 
(11). The values of A, V1, Vz, and 61 also are assumed to be known. Res- 
taino and Martin (4) determined the heats of fusion for the p-hydroxy- 
benzoic acid esters relative to the heat of fusion of benzoic acid, and 
Alexander et al. (10) used these results in a later study. However, basing 
the heats of fusion on the literature value of benzoic acid was incor- 
rect*. 


The laboratories of the United States Pharmacopeial Convention 
supply reference standards for the parabens and have performed dif- 
ferential scanning calorimetry tests on these esters. The heats of fusion 
and melting points for the parabens are found in Table 13. These values 
were used in the present study to calculate ideal solubility for methyl-, 
ethyl-, propyl-, and butylparabens by employing the following equations 
(8): 


AH!,,/T,,, = AS!,, 
AS!,, T 


log xi = - log - 
R Tm 


where AH!,, and AS!,, are the heat and entropy of fusion at  the melting 
point, respectively; R is the ideal gas constant; and T and T,,, are the 
temperature of the experiment and the melting temperature of the 
compound in degrees Kelvin, respectively. 


In two studies (4, lo), the mole fraction solubility of a series of parabens 
was determined in normal alcohols a t  25 "C. Restaino and Martin (4) 
began the solvent series with propanol, while Alexander et al. (10) started 
with methanol and ethanol. These investigators omitted pentanol and 
added decanol. Because of the different choice of solvents in the two 
studies, different regression equations would be expected. The two sets 
of data yielded quadratic equations, the coefficients of which are shown 
in Table I1 for methyl-, ethyl-, propyl-, and butylparabens. The solute 
solubility parameter, 62, and the proportionality constant, K ,  are calcu- 
lated as follows. The coefficients of the quadratic expressions of Table 
I1 correspond to the terms B, C,  and D in Eq. 10. Referring to Eq. 9, it is 
observed that BID corresponds to 6% and that CID corresponds to -2K62. 
Therefore: 


BID = 62, 


The solute solubility parameter is calculated using Eq. 13 with the values 
of B and D found in Table 11. The 6 2  value then is combined with the 
coefficients C and D of Eq. 14 to obtain K. The values of 62 (Table 111) 
correspond well (except in the case of butylparaben) with those obtained 


A. Beerbower, Industrial Consultant, San Diego, Calif., Mar. 1980, personal 
communication. 


Rockville, Md. 
Provided by L. T. Grady and S. Sun, United States Pharmacopeial Convention, 


by the maximum solubility method (4). In the peak solubility method, 
methylparaben, ethylparaben, propylparaben, and benzoic acid had 
solubility parameters of 11-11.5; butylparaben exhibited a more diffuse 
maximum solubility, with a 62 of -11-12. 


The solubilities given by Restaino and Martin (4) differ by -10% from 
those of Alexander et al. (lo), and such differences must be accepted in 
solubility work when results are obtained in different laboratories. To 
investigate a larger series of solvents, the separate results of the two 
studies were combined and a single regression equation was obtained for 
each solute of the paraben series. Using the regression coefficients of 
Table 11, the 62 and K values from Refs. 4 and 10 and the combined cal- 
culations are recorded in Table 111. The 6 2  values from the combined 
calculations are reasonable when compared with those obtained by using 
the solubility data of Ref. 4 or 10 independently and when checked 
against 62 values obtained by other methods. The values for butylparaben 
were somewhat larger than expected. 


Figure 1 shows the solubility of methyl- and propylparabens in the 
n-alkanols. For methylparaben, the Solubility of which is plotted against 
62 for the eight normal alcohols, the resulting 62 values from Refs. 4 and 
10 are not in complete agreement. The peak solubilities from Ref. 4 result 
in a solubility parameter for methylparaben of 11.16, which falls between 


10 11 12 13 14 
SOLVENT SOLUBILITY PARAMETER (6,) 


Figure 1-Mole fraction solubility of methylparaben (lower curve) and 
propylparaben (upper curve) in n-alkanols ranging from decanol ( 6 2  
= 10) to methanol ( 6 2  = 14.5). Key: 0, solubility data from Ref. 4; A, 
solubility data from Ref. 10; and -, calculated solubility line using the 
appropriate combined quadratic equation (Table II) and Eq. 16. The 
lines were obtained by connecting points of back-calculated solubilities 
at each solvent 6 ualue. 
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that of pentanol (10.9) and butanol (11.41, where maximum solubility 
is observed. Alexander et al. (10) omitted pentanol and included ethanol 
and methanol. Figure 1 shows that this choice of solvents shifted the peak 
of the combined back-calculation curve of Refs. 4 and 10 to the right, 
yielding a maximum solubility a t  a 61 value of -12. Accordingly, a re- 
gression of log azlA uersus 61 employing the data of Ref. 10 yields a 6 2  
value of 12.29 from methylparaben, and the combined regression equation 
gives 6 2  = 12.14. 


The combined results of Tables I1 and 111 appear to follow the values 
of Alexander et al. (10) for 62  for the various parabens and correspond 
to the K values relative to the data of Alexander et al. (10) more closely 
than the results of Restaino and Martin (4). For the present, one would 
choose the combined regression equation to obtain reasonable solubilities 
of the parabens in normal alcohols. However, the most satisfactory ap- 
proach would be repetition of the study, including all of the solvents of 
Restaino and Martin (4) and Alexander et al. (10) so that the solubilities 
determined by the two groups of investigators, employing different sol- 
vent series, would not bias the results. Figure 1 also shows the solubilities 
of propylparaben in the series of n-alkanols together with the back-cal- 
culated curve. In this case, similar 6 2  values (Table 111) were obtained 
from Restaino and Martin (4), Alexander et al. (lo), and the combined 
results of the two groups. 


As shown in Table 111, the K value for benzoic acid in the series of 
normal alcohols is unity. This finding indicates that w ~ p  = 6162; therefore, 
use of the Hildebrand-Scatchard equation, involving a geometric mean, 
should provide reasonable solubility values for benzoic acid in the n- 
alkanols. 


The present method alters the activity coefficient term of the solubility 
equation (Eq. 2) in the following ways. In modifying the regression 
equation to make it correspond to the quadratic form of Eq. 9, the terms 
involving solubility parameters were divided by D, the coefficient asso- 
ciated with 6:. This process may be considered as a normalization pro- 
cedure, utilized to provide coefficients of unity for 6: and s$. Since the 
right side of Eq. 10 is divided by D, the left side must be treated in the 
same way: 


(Es. 15) 


The complete solubility equation (Eqs. 1 and 2) then becomes: 


-log X z  = -log X i  + DA(6: + 6; - 2K6162) (Eq. 16) 


Multiplication of A by D in Eq. 16 may be considered to yield an empirical 
coefficient, A’, associated with the solubility parameter term of Eq. 16. 
The case of ethylparaben dissolved in n-propanol(4,lO) is taken to il- 
lustrate the calculations involved. Employing the combined quadratic 
expression of Table 11: 


6 $ = - =  142.891 (Eq. 17) 


6 2  = 11.95 (Eq. 18) 


D 


(Eq. 19) 


These values of 6 2  and K are found in Table 111. With -log X’, = 0.91589, 
61 = 11.9 from Ref. 4, D from Table I1 = 0.491099, A = vz&/2.303RT = 
0.053570, and A’ = (0.491099)(0.053570) = 0.026308, one writes: 


-log Xz = 0.91589 + 0.026308[(11.95)2 + (11.9)2 
- 2(1.02365)(11.95)(11.9)] (Eq. 20) 


-log Xp = 0.73902 (Eq. 21) 


with XZ(ca1c) = 0.182 and XZ(obs) = 0.171 (4) and 0.176 (10). 
The calculated values for the solubility using 62 ,  K, and A‘are within 


525% of the observed solubility. The method was tested with polar drugs, 
such as the methyl xanthines, in different mixtures of polar solvents, and 
the results were less satisfactory; 62 values sometimes are obtained that 
do not correspond well with values obtained from the peak solubility 
method‘. 


In an earlier study’, a somewhat different regression method was em- 
ployed using the results of Restaino and Martin (4) to obtain estimates 
of 6 2  and the molar volume of the solute, VZ. Satisfactory Sz values were 
calculated, but the method failed to produce reasonable Vz values. This 
result may have been due to the creation, through regression methodol- 
ogy, of an empirical A‘ term, as noted, which involves the molar volume 
of the solute. 


CONCLUSION 


The present approach provides a convenient means of obtaining sol- 
ubility parameters and K values from solubility data for parabens in 
normal alkanols. It yields a normalization parameter, D, which provides 
unit coefficients for 6; and 63, and D is multiplied by the A term of the 
solubility equation (AD = A’) to yield the correct value of log (YZ. The log 
a2 calculated in this way, together with the ideal solubility of a drug, 
provides good estimates of the solubility of paraben derivatives in a series 
of normal alcohols. In studies to be reported later, the method gave sat- 
isfactory results for drugs in hydrocarbons and less acceptable values in 
binary mixtures of polar solvents. 


REFERENCES 


(1) J. H. Hildebrand and R. L. Scott, “The Solubility of Nonelec- 


(2) G. Scatchard, Chem. Reu., 8,321 (1931). 
(3) M. J. Chertkoff and A. Martin, J.  Am. Pharm. Assoc., Sci. Ed., 


(4) F. A. Restaino and A. Martin, J. Pharm. Sci., 53,636 (1964). 
( 5 )  K. C. James, C. T. Ng, and.P. R. Noyce, ibid., 65,656 (1976). 
(6) E. E. Walker, J. Appl. Chem., 2,470 (1952). 
(7) A. Martin, J. Newburger, and A. Adjei, J. Pharrn. Sci., 68(10), 


(8) Zbid., 69,487 (1980). 
(9) A. Adjei, J. Newburger, and A. Martin, J.  Pharm. Sci., 69,659 


(10) K. S. Alexander, J. W. Mauger, H. Petersen, Jr., and A. N. Paruta, 


(11) C. Sungwoo and H. Eisen, ibid., 60,238 (1971). 


trolytes,” Dover, New York, N.Y., 1964. 


49,444 (1960). 


IV (1979). 


(1980). 


ibid., 66,42 (1977). 


ACKNOWLEDGMENTS 


Funds for the study were obtained from the professorship provided 
to A. Martin by Coulter R. Sublett. 


The authors thank A. N. Paruta for permission to use the data of Ref. 
10. They also thank A. Adjei for assistance and Terri Shrode for secre- 
tarial support. 


‘ A. Martin, unpublished results. 


172 I Journal of pharmaceutical Sciences 
Vol. 70, No. 2, February 1981 








BOOKS 


REVIEWS 


Essentials of Drug Product Quality: Concepts and Methodology. 
By MAHMOUD M. ABDEL-MONEM and JAMES G. HENKEL. C. 
V. Mosby, 11830 Westline Industrial Drive, St. Louis, MO 63141. 1978. 
274 pp. 20 X 25 cm. Price $14.95. 
This text, according to the preface, is designed for first professional 


year pharmacy students. It is unique in two respects: (a) it attempts to 
integrate the elements of quality assurance of drugs and drug products 
with the accompanying methodology (directed toward both the drug 
product and the drug in biological fluid); and ( b )  it employs a format and 
style designed to support the use of the personalized system of instruction 
(PSI). PSI is described as “characterized by a mastery learning re- 
quirement, student self-pacing within the course, the use of proctors for 
immediate grading of tests taken by students for each unit (chapter), and 
infrequent lectures.” Nevertheless, the format should lend itself well to 
a more traditional mode of instruction. In this regard, each of the 21 
chapters begins with a list of performance objectives for the student and 
closes with a more than ample list of study questions and practice prob- 
lems. The writing generally is very readable and lucid. 


The first three chapters provide a well-planned, coherent treatment 
of the principles of drug product selection and include an introduction 
to dosage forms, the history and purpose of the official compendia, the 
role played by the FDA in drug product quality assurance, and drug 
product selection based on pharmaceutical equivalence and bioequiva- 
lence. However, some instructors may desire more depth in the treatment 
of dosage forms and bioequivalence. The treatment of the basis, appli- 
cation, and interpretation of official tests for unit-to-unit variation and 
uniformity (Chapter 2) is especially well done. However, the few sentences 
devoted to the dissolution test in Chapter 3 are incomplete and superfi- 
cial. Chapters 4 and 5, which discuss data analysis and significance 
testing, are especially noteworthy. 


The preface suggests that the analytical methodology chosen to be 
discussed (Chapters 6-20) is that supporting the quality assurance of 
drugs and states that the “important analytical methods” are covered. 
This philosophy apparently influenced the selection of t,opics, which 
include ionic equilibria (Ksp and acid-base chemistry) (two chapters), 
solvent extraction principles (one chapter), gravimetric analysis (one 
chapter), volumetric analysis (acid-base and redox) (two chapters), 
spectrometry (UV, colorimetry, IR, fluorescence, and mass spectrometry) 
(five chapters), chromatography (column, TLC, GLC, and HPLC) (three 
chapters), and radioactivity (one chapter). The emphasis is on the 
analysis of organic drugs and less on inorganic substances, as evidenced 
by the absence of precipitation and complexometric titrations among the 
volumetric techniques discussed and the omission of the analysis of 
heavy-metal ions among the gravimetric techniques. Also, electrochemical 
techniques are ignored, although cursory consideration is given to redox 
potentials in the section on redox titrations and potentiometric end-point 
determination is referred to in some examples of titrimetric analysis. 


Each subject begins with a review of chemical principles at an ele- 
mentary, general chemistry level. However, the scope often is limited. 
For example, amphiprotic salts and polyprotic acids are not dealt with 
in the chapter on acid-base equilibria, the use of acid-base titrimetry 
in the analysis of esters by saponification is discussed but a related ap- 
plication to the acylation of alcohols is not, and although chemically 
bonded stationary phases in HPLC are considered, formal allusion to 
reversed-phase methodology, one of the fastest growing techniques ap- 
plied to drug analysis, is absent. However, the chapters on spectrometric 
and chromatographic methods are particularly well presented and pro- 
vide the best depth of coverage of any of the topics discussed. 


Among the most useful components of the chapters on methodology 
are the examples given to illustrate the principles. These examples, taken 
primarily from USP XIX and NF XIV, form an essential part of the 
textual material of the chapter since, in many cases, information or 
methodology may be presented here that is not dealt with in the main 
part of the chapter. Similar examples from the compendia also are offered 
as problems in the study guide found at  the end of each chapter. 


Chapter 21 deals with the use of the scientific literature and is followed 
by an appendix reviewing elementary mathematical operations (signif- 
icant figures, exponents, powers, roots, and logarithms). 


In summary, this is a generally well-written and well-designed text that 
uniquely incorporates principles of drug product selection, quality as- 
surance, and analytical methodology. As such, the tex t  could find ap- 


plication in a modern pharmacy curriculum; however, supplementation 
may be needed in certain areas. The major portion of the text provides 
a survey at  the elementary level of certain methodology applied to the 
analysis of organic drugs. For more detailed and more comprehensive 
coverage of these topics, one of the more standard texts in pharmaceutical 
or analytical chemistry may be more appropriate. 


Reoiewed by Larry L. Augsburger 
Department of Pharmaceutics 


S. Edward Krikorian 
Department of Medicinal Chemistry1 


Pharmacognosy 
School bf Pharmacy 
University of Maryland 
Baltimore, MD 21201 


and 


The Basis of Medicinal Chemistry: Burger’s Medicinal Chemistry, 
4th Ed., Part I. Edited by MANFRED E. WOLFF. Wiley, 605 Third 
Ave., New York, NY 10016.1980.497 pp. 17 X 25 cm. Price $29.50. 
Part I is the first of a three-volume work containing 12 chapters. This 


multiauthored text presents underlying principles of medicinal chemistry 
and includes new areas and topics representing the changes in the 
pharmaceutical sciences since the last edition. The authors, chosen by 
the editor, are considered to be authorities in their field. The topics are 
reminiscent of those in the “Principles of Drug Action: The Basis of 
Pharmacology, 2nd ed.,” by A. Goldstein, L. Aronow, and S. M. 
Kalman. 


The 12 subjects covering 478 pages in this volume were selected ap- 
parently on the basis of their broad appeal. They include an introductory 
chapter dealing with a historical account of medicinal chemistry; one 
chapter on Drug Absorption, Distribution, and Elimination; two chapters 
on metabolism, Drug Biotransformation-Oxidation, Reduction, Hy- 
drolytic and Conjugation Reactions and Chemical and Biological Factors 
Influencing Drug Biotransformation; three chapters based on drug- 
receptor interactions, Receptor Theories and Dose-Response Rela- 
tionships, Drug-Receptor Geometry, and The Nature of the Drug- 
Receptor Bond; three chapters on the methods of drug design, Guidelines 
for Drug and Analog Design, Approaches to the Rational Design of En- 
zyme Inhibitors, and QSAR, and two chapters covering Drug Allergy and 
Chemical Carcinogenesis. The chapters on metabolism, drug-receptor 
interactions, and drug design were particularly interesting. 


With well-written chapters, a thorough and updated literature coverage 
in most chapters (3451 references of which 1337 are in the introductory 
chapter) for further investigation, and a comprehensive subject index, 
this book accomplishes its purpose as a secondary source for the biologist 
and medicinal chemist in industry and academia. This text can be rec- 
ommended as a useful reference to graduate students for an advanced 
course in medicinal chemistry and other disciplines (biochemistry, 
pharmacology, biophysics, microbiology, and biu-organic). Most re- 
searchers in these areas will find this book to be a useful addition to their 
library. 


Reviewed by Robert A. Magarian 
Department of Medicinal Chemistry 
College of Pharmacy 
Health Sciences Center 
University o/ Oklahoma 
Oklahoma City, OK 73190 


Handbook of Basic Pharmacokinetics, 2nd ed. By WOLFGANG A. 
RITSCHEL. Drug Intelligence Publications, Hamilton, IL 62341.1980. 
454 pp. 11 X 19 cm. Price $19.50. 
The author views this book not as a textbook but rather as a collection 


of pharmacokinetic facts. The book meets this definition well. It is a 
comprehensive collection of important facts necessary to the under- 
standing of pharmacokinetics. 


This edition has new sections on dosage adjustment in the elderly and 
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Abstract 0 [1251]-4-Iodobipheny1 has been used as a model compound 
to investigate the in uiuo metabolism of iodinated aromatic compounds 
in the rat. Material balance studies showed that 57.6% of the injected dose 
was excreted uia feces and 41.Wo uia urine. Distribution studies indicated 
uptake of inorganic iodide in the thyroid. In the feces, 2.2% of the dose 
was unmetabolized iodobiphenyl, 2.6% was 2-hydroxy-4/-iodobiphenyl, 
21.9% was 4-hydroxy-4/-iodobiphenyl, and 20.9% was a polar fraction of 
which only 10.3% could be silylated. In urine, 1.6% of the dose was 2- 
hydroxy-4’-iodobiphenyl, 4.9% was 4-hydroxy-4’-iodobiphenyl, 1.9% was 
2-hydroxy-4’-iodobiphenyl, 17.7% was 4-hydroxy-4’-iodobiphenyl glu- 
curonide and sulfate conjugates, and 8.2% was inorganic iodide. About 
3.0% of the dose in the urine polar fraction could be methylated. 


Keyphrases 0 4-Iodobiphenyl-metabolism in rats, distribution studies 
Metabolism-4-iodobiphenyl and metabolites, distribution studies 


in rats 0 Distribution-4-iodobiphenyl and metabolites, metabolism and 
distribution studies in rats 


The increasing medicinal use of iodinated organic 
compounds as positive X-ray contrast media (1) as well as 
diagnostic, scanning, and radiopharmaceutical agents (2) 
prompted this study of the biodehalogenation and me- 
tabolism of iodocompounds. In uitro mechanisms for the 
biodehalogenation of some model compounds were re- 
ported previously (3). This paper describes the in uiuo 
biodehalogenation and metabolism of 4-iodobiphenyl (I) 
as a model compound used in rats. 


EXPERIMENTAL’ 


Chromatographic Solvent Systems-Benzene-methanol-formic 
acid (W91) (Solvent System 1) and benzene-methanol (85:15) (Solvent 
System 2) were used for TLC2, n-butyl alcohol-0.5 M NHdOH-etha- 
nol-water (2020:21) (Solvent System 3) was used for paper chroma- 
tography, and n-butyl alcohol-acetone-concentrated ammonium hy- 
droxide-water (65:20105) (Solvent System 4) was used for resin paper 
chromatography. 


[ 1261]-4-Iodobiphenyl-This compound (specific activity, 9.0 pCi/mg; 
radiochemical purity by reverse isotopic dilution, 99.7%) was synthesized 
by an exchange reaction described previously (3). 
4-Hydro~y-4~-iodobiphenyl(II)-Compound I1 was prepared from 


4-hydroxybiphenyl and benzoyl chloride according to a literature method 
(4). The product was recrystallized in chloroform, mp 202’ [lit. (4) mp 
199’1; IR (KBr): 3300 (OH), 1580,1520 (aromatic H), 1470-1420 (CH), 
1380,1250 (aromatic OH), 1120,1000,810, and 720 (aromatic H) cm-’; 
NMR (acetone-&): 6 8.57 (broads, lH, aromatic OH), 7.92 (d of d, 2H, 
5.6 = 9.0 Hz, J., = 2.6 Hz, arqmatic H), and 7.07 (d of d, 2H, J a b  = 9.0 
Hz, J,, = 2.0 Hz, aromatic H); mass spectrum (75 ev): m/z (relative in- 
tensity) 298 (1.090) [M + 2]+, 297 (14.1) [ M + 1]+, 296 (100) [MI+, 267 


(19.7), 139 (8.0),118 (metastable), 115 (14.3), and 96.5 (metastable). 
2-Hydroxy-4’-iodobiphenyl(III)-Compound I11 was synthesized 


from 2-hydroxybiphenyl and benzoyl chloride using the same procedure 
as used for the preparation of 11. The product was recrystallized in pen- 
tane, mp 75’ [lit. (5) mp 74’1; IR (KBr): 3470-3020 (aromatic OH), 1470, 
1390 (aromatic H), 1268 (aromatic OH), 1188,1130,1120,1042,1010,834, 
814,756,700,612, and 540 (aromatic H) cm-’; NMR (CDCl3): 6 5.40 (s, 


(1.3), 169 (7.5) [M - I]+, 168 (10.6) [M - HI]+, 152 (3.8) [M - HOI]+, 141 


1 Spectra were obtained on Perkin-Elmer 337 IR, Varian A-60-A NMR, and 
DuPont 21-490 mass s ectrometers. y-Counting was either by liquid scintillation 
counting on BeckmanES-200 and 150 instruments with a phosphorus 32 window 
at 5% accuracy or 5-min intervals or with a Searle 1185 y-system. * Brinkmann 5 X 20 X 0.025-cm silica gel 60 F-254 on glass or Eastman silica 
chromatogram sheet 6060 for analytical measurements and Brinkmann 20 X 20 
X 0.2-em silica gel 60 F-254 on glass for preparative separations. 


lH,  aromatic OH), 6.90 (d oft, IH, J a b  = 9.0 Hz, J,, = 2.0 Hz, aromatic 
H), 7.20 (d of d, 2H, Jab = 9.0 Hz, J., = 2.0 Hz, aromatic H), 7.40 (t, lH, 
J a b  = 2.0 Hz, aromatic H), 7.68 (d of d, 2H, J a b  = 9.0 Hz, Joe = 2.0 Hz, 
aromatic H), and 7.94 (d, 2H, J a b  = 9.0 Hz, aromatic H); mass spectrum 
(75 ev): m/z (relative intensity) 297 (14%) [M + I]+, 296 (100) [MI’, 170 
(20) [M - I]+, 169 (lo), 168 (2.0), 141 (9.0), and 115 (4.0). 


Reverse Isotopic Dilution-In a manner analogous to previously 
reported analyses (6), -1 g of I1 or 111, accurately weighed, was transferred 
to a 300-ml round-bottom flask and dissolved completely in a small vol- 
ume of acetone. Fecal extracts or urine samples were pipetted (1.0 ml) 
into the flask, and sufficient methanol was added to give a homogeneous 
solution. Solvents were removed in uacuo, and the residue was recrys- 
tallized from chloroform. Three samples of -10 mg from each recrys- 
tallization were weighed accurately and counted for radioactivity in a 
y -counting system. Recrystallization was repeated until constant specific 
activity was obtained. 


In Vivo Studies-Sprague-Dawley rats, 200-250 g, were housed in 
separate stainless steel metabolism cages and quarantined for at least 
1 dav prior to use. Rat food3 and water were supplied ad libitum. 


[ ‘251]-4-1odobiphenyl was diluted with carrier 4-iodobiphenyl (I) and 
dissolved in sterilized peanut oil to give a final concentration of 110 
pCi/lOO mg/ml for intraperitoneal injection. 


Tissue distribution studies were conducted after a single intraperito- 
neal injection of 0.5 ml of the peanut oil solution was given to 18 female 
rats. Sets of three rats were killed in an ether chamber a t  3,6,24,48,72, 
and 96 hr after injection, and major tissues were excised and weighed. 
Representative samples of these tissues were weighed, and their ra- 
dioactivities were determined (Table I). 


Pretreatment with Lugol’s solution was done with two rats, which were 
administered orally 0.3 ml of Lugol’s solution (50 mg of elemental iodine 
and 100 mg of potassium iodide in 100 ml of water) once per day for 2 
days. Control rats were dosed with distilled water under the same 
schedule. On the 3rd day, 3.9 pCi of [1251]-4-iodobipheny1 in 0.5 ml of 
ethanol was administered to each rat by intraperitoneal injection. Rats 
were kept in separate metabolic cages for 24 hr before they were killed. 
Thyroid glands from each rat were excised, trimmed, weighed, and 
counted for activity in a y-counting system. 


Balance studies were conducted on three male rats, each receiving a 
single intraperitoneal injection of 1.0 ml of the dosage solution. Urine and 
fecal samples were collected for 18 days to observe excretion patterns of 
the metabolites. 


Three rats received a single intraperitoneal injection of 1.0 ml of the 
dosage solution every 4 days for a total of 3.0 ml of solution to accumulate 
higher quantities of metabolites. Control rats were treated in a manner 
corresponding to each group but were injected only with sterilized peanut 
oil. 


Rat urine and feces were collected separately after [‘251]-4-iodobipheny1 
injections. Urine samples were quantitated for radioactivity, quick frozen 
in an acetone-dry ice bath to prevent mold growth, and stored at -25’ 
until analyzed for metabolites. Feces were air dried and powdered, and 
samples (5-10 mg) were measured daily for radioactivity by y-counting. 
They also were stored at  -25’ until investigated further. 


For identification of fecal metabolites, the total combined daily pow- 
dered feces were extracted with methanol for 48 hr in a soxhlet apparatus. 
The methanol extract was reduced to 50.0 ml in uacuo. Aliquots (100 pl) 
of this solution were assayed by y-counting to estimate the percentage 
of extractable activity. 


Volumes (0.5 ml) of the concentrated fecal methanol extract were 
subjected to TLC analysis in Solvent Systems 1 and 2. Unmetabolized 
[ 1261]-4-iodobiphenyl and its hydroxylated metabolites were identified 
by cochromatography with nonradioactive reference compounds in these 
solvent systems. The main body of the fecal methanol extract was applied 
to preparative chromatographic plates and developed in System 1. Bands 
of [ ‘251]-4-iodobiphenyl and its hydroxylated metabolites were extracted 
from the plates with appropriate solvents, concentrated, and subjected 


3 Ralston-Purina Co. 
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to GLC-mass spectrometric analysis. Part of the GLC output was col- 
lected oia a three-way collector into scintillation vials and quantitated 
by liquid scintillation counting. Only the radioactive GLC peaks were 
analyzed by mass spectrometry. 


Assay of [1251]-4-iodobipheny1 and its hydroxylated metabolites was 
accomplished by estimation of their percentage contributions in TLC 
patterns developed in Solvent System 1. The results were subsequently 
confirmed by reverse isotopic dilution in the fecal methanol extracts with 
corresponding reference compounds. 


Acid or base hydrolysis of the fecal polar fraction was done by ex- 
tracting origin band materials with methanol and reducing the extract 
to 1.0 ml with nitrogen. An equal volume of 8 N HCl or 5% NaOH was 
added. The mixture was refluxed for 5 hr, and the solution was extracted 
with ether. Both aqueous and ether solutions were examined with TLC 
in Solvent System 1 for products. 


Enzyme hydrolysis of the fecal polar fraction was performed by taking 
the methanol extract of the origin band to dryness under a nitrogen 
stream. The residue was dissolved in 2.5 ml of pH 7.4 phosphate buffer 
to which 0.1 ml(l0,OOO Fishman units) of P-glucuronidase-arylsulfatase 
of snail origin4 (Helix pornatia) was added before it was incubated at  37' 
for 72 hr. After incubation, the content was centrifuged at  1720Xg for 30 
'rnin, and the supernate was chromatographed in Solvent System 1 for 
detection of hydrolyzed products. 


Silylation of the fecal polar fraction was carried out by reducing the 
methanol extract of the origin band to complete dryness. The dried res- 
idue was reacted with 1.0 ml of N,O-bis(trimethylsilyl)acetamide, and 
the mixture was refluxed in a tightly capped vial for 30 min in a sand bath 
until a clear solution was observed. This solution was cooled and spotted 
on TLC plates t o  be developed in Solvent System 2. The distribution of 
activity on the chromatogram was reconstructed by liquid scintillation 
counting of silica gel fractions scraped from consecutive 0.5-cm strips. 
Radioactivity was extracted from the detected bands, purified, and 
subjected to GLC-mass spectrometric analysis. 


Urine samples (50-100 p1) were assayed daily for radioactivity by 
y-counting. Radioactivity distributions of unmetabolized [lZ6I]-4- 
iodobiphenyl, their hydroxylated metabolites, and the conjugates were 
estimated after TLC in Solvent System 1. Values for I1 and I11 and their 
glucuronide and sulfate conjugates were confirmed after hydrolysis by 
reverse isotopic dilution. 


Enzymatic hydrolysis was done on 2.0-ml samples of urine, which had 
been dried under a gentle nitrogen stream. To the residue were added 
1.0 ml of pH 7.4 phosphate buffer and 0.1 ml of P-glucuronidase-aryl- 
sulfatase4 (Helix pornatia) or fi-gluc~ronidase~ (bovine liver). The 
mixture was incubated in a constant-temperature water bath at  37' for 
48-72 hr with constant shaking. The hydrolysis was stopped by heating 
in a steam bath for 5 min, and the protein was removed by centrifugation. 
The supernate was spotted on TLC plates and developed in Solvent 
System 1. 


The urinary polar fractions, which failed to be hydrolyzed by enzymes, 
were methylated by dimethylformamide dimethylacetal(7) and quan- 
titated by TLC in Solvent System 2 after derivatization. 


The radioactivity of inorganic iodide in the urine was estimated by 
paper (8) and resin paper (9) chromatography in Solvent Systems 3 and 
4, respectively. These values were confirmed by lead iodide reverse iso- 
topic dilution and methyl iodide exchange experiments (9). 


RESULTS 


Tissue Distribution-Typical tissue radioactivities of iodine 125 for 
the organ examined are listed in Table I. At all times, the thyroid gland 
had the highest activity. After 24 hr, there was minor but consistent up- 
take of radioactivity by fatty tissue as compared to blood levels. Pre- 
treatment of rats with Lugol's iodide solution daily for 2 days prior to 
administration of [1251]-4-iodobipheny1 suppressed thyroid uptake by 
90%. This competitive thyroid uptake experiment indicated that the 
thyroid activity was due to metabolically liberated inorganic iodide. 


Balance Studies-The excretion of radioactivity in feces and urine 
for three rats was followed for 18 days, with an average total fecal ex- 
cretion of 57.6% of the administered dose and an average total urinary 
excretion of 41.2%. In both cases, most radioactivity was eliminated in 
the first 6 days. 


Fecal Metabolites-Methanol extraction of powdered dry feces in- 
dicated that 96.7% of feces activity could be extracted by this method. 
Chromatographic analysis of the concentrated feces methanol extract 


' Sigma Chemical Co. 


Table I-Tissue Distribution of Radioactivity a f t e r  
Intraperitoneal Administration of [1251]-4-Iodobipheny1 (55  
pCi/0.5 ml of Injection) t o  Rats 


Radioactivity, cpm/mg 
Tissue 3 h r  6 h r  24 hr 48hr 72hr 96hr 


Thyroid 
Fat 
Pituitary 
Adrenals 
Kidneys 
Ovaries 
Intestine 
Liver 
Vagina 
Uterus 
Blood 
Lungs 


' Brain 
Muscle 
Spleen 


79 63 
4 17 


10 17 
8 13 


22 11 
6 8 
3 17 


46 9 
2 5 
2 6 


39 10 
9 5 
3 4 
1 2 


39 3 


2426a 
96 .~ 


53 
30 
11 
22 
42 
14 -~ 
23 
48 
23 
10 
4 


15 
6 


5377 
78 
25 
19 
15 
13 
10 
10 


7 
11 
9 
6 
4 
3 
3 


7255 
59 
47 
22 
21 
23 
23 
20 
16 ~~ 


12 
19 
10 
3 
6 
5 


3025 
53 
17 
13 
14 
9 


14 
12 
6 
7 
5 
6 
3 
3 
3 


a In separate experiments, in which rats were pretreated with Lugol's solution 
prior to administration of 3.9 pCi of [1251]-4-iodobiphenyl, 24-hr thyroid activities 
were 9.7 and 21.6 cpm/mg. These values were compared to 137.4.199.2, and 258.9 
cpm/mg for nonpretreated rats at the same dose of I. 


on TLC plates in Solvent System 1 gave rise to  four radioactive bands 
with Rf values a t  0.00,0.21,0.38 and 0.64. They were labeled FA, FB, Fc, 
and FD and found to possess 20.9,26.4,8.4, and 2.4% of the radioactivity 
of the original dose, respectively. Each radioactive band was scraped off 
the plate, extracted, and subjected to further analysis. 


A radioactive band from the condensed hexane extract of FD cochro- 
matographed with 4-iodobiphenyl (I) a t  Rf 0.64 (System 1) and 0.62 
(System 2) and corresponded to I by GLC-mass spectrometry after 
separation on a 5% OV-1 column. Reverse isotopic dilution with I indi- 
cated 3.8% of the fecal methanol extract (2.2% of the injected dose) was 
due to unmetabolized [1251]-4-iodobiphenyl, a value in agreement with 
the 2.4% found for band FD. 


Radioactive band Fc was extracted with chloroform. When this extract 
was cochromatographed with 2-hydroxy-4'-iodobiphenyl (III), a radio- 
active spot corresponding to a UV-quenching spot was obtained at  Rf 0.38 
in System 1 and at  Rf 0.50 in System 2. GLC-mass spectrometric analysis 
of the Fc chloroform extract, similar to that described for FD, resulted 
in a mass spectral fragmentation pattern consistent with 111: rnlz (relative 
intensity) 297 (16%), 296 (loo), 170 (6.0), 169 (13), 168 (13), 141 (52), and 
115 (42). 


When reverse isotopic dilution experiments of the fecal methanol ex- 
tract were done with 111, only 2.6% of the injected dose activity could be 
identified as 111. Based on the similarity of the mass spectrum of band 
FC to the spectra of both references I1 and 111, band Fc probably con- 
tained other hydroxylated metabolites in addition to 111. The reverse 
isotopic dilution results compared to the TLC results indicate that the 
2-hydroxy isomer (111) is about a third of band Fc (Table 11). 


Cochromatography of an extract of radioactive band FB with 4-hy- 
droxy-4'-iodobiphenyl(II) gave radioactive spots with R/ values of 0.21 
in System 1 and 0.28 in System 2, which corresponded to the reference 
material. GLC-mass spectrometric analysis of band FB was also consis- 
tent with that of I 1  m/z (relative intensity) 297 (15.4), 296 (lOO), 267 (2.31, 
169 (10.8), 168 (lo), 152 (3.8), 151 (3.8), 148 (5.4), 141 (20.8), 139 (18.51, 
and 115 (18.5). Reverse isotopic dilution experiments with I1 on the fecal 
methanol extract indicated that 21.9% of the dose activity was converted 
to I1 in the feces. 


On the hasis of TLC Systems 1 and 2, band FA,  which consistently 
remained at  the origin, contains highly polar metabolites such as sulfates, 
glucuronides, and mercapturic acid derivatives. 


Repeated attempts to  hydrolyze band FA materials with acid, base, 
and P-glucuronidase-arylsulfatase enzymes failed to create new radio- 
active TLC bands of higher Rf values in either System 1 or 2. Derivati- 
zation of FA materials finally led to the formation of a product with 
N,O- bis(trimethylsily1)acetamide. Upon chromatography of this product, 
a radioactive band at  R f  0.81 in System 2 was obtained, and i t  was esti- 
mated that about half of the original FA materials had reacted (9.8% of 
the injected dose). Efforts to elucidate the structure of this FA derivative 
by GLC-mass spectrometry were not successful. 


Urinary Metabolites-Analysis of the urinary metabolites started 
with cochromatography of the urine with fecal methanol extracts in 
Solvent System 1. This chromatogram indicated that most of the urinary 
metabolite activity (-32.0% of the injected dose) lay under the origin 
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Table 11-4-Iodobiphenyl and Metabolites Expressed as Percent of Dose 


Compound 
Feces 


TLC” RID 
Urine 


TLC RID 


4-Iodobiphenyl (I) 


4-Hydroxy-4’-iodobiphenyl(II) 


Total other monohydroxy iodobiphenyls 


2-Hydroxy-4’-iodobiphenyl(III) 


2.4c 
(1.8-2.8)e 


26.4 
(24.0-27.2) 


8.4 
(7.0-9.2) 
- 


I1 8-glucuronide or sulfate 


Total other monohydroxy iodobiphenyl 
8-glucuronide or sulfate 


None detected 


None detected 


111 8-glucuronide or sulfate 


Methylated urinary polar metabolites 


Silylated fecal polar metabolites 


Inorganic iodide 


None detected 


- 


10.3 
(8.0-13.7) 
- 


2.2 
(2.11-2.26) 


21.9 
(21.3-22.5) 
- 


2.6 
(2.53-2.63) 
- 


- 


d None detected - 
4.9 


(4.0-5.4) 
1.6 


(1.2-1.8) - 
18.2 17.7 


(16.1-19.8) (17.2-18.3) 
6.4 - 


(5.9-7.5) 


- 


3.0 
(1.6-4.0) 
- 


1.9 
(1.82-1.93) - 
- 


7.3f 8.2g 
(6.91-7.87) (8.10-8.26) 


0 TLC values are averages of data from three rats. * Reverse isotopic dilution values. Numerical values are expressed as percentage of administered dose. Not determined. 
Numbers in parentheses express the range of values. Determined by resin paper chromatography (Ref. 9). 8 Determined by lead iodide reverse isotopic dilution method 


(Ref. 9). 


band, representing highly polar materials. Only 4.9% of the dose activity 
could be accounted for in the urine as free phenolic 11, and an additional 
1.6% was 111. No unmetabolized I could be detected in urine. 


To determine if any glucuronide or sulfate conjugates were present in 
the urinary polar fraction, the polar fraction at  the origin was extracted 
with methanol, dried, and hydrolyzed in buffer solution with P-glucur- 
onidase-arylsulfatase enzyme (Helix pomatia). TLC of the hydrolyzed 
products in System 1 showed that 18.2 and 6.4% of the injected dose in 
the urinary polar fraction corresponded in Rf to I1 and 111, respectively. 
Thus, in the urine, a total of 23.1% of the dose activity could be accounted 
for as I1 and its glucuronide or sulfate conjugates. Similarly, 8.0% of the 
dose activity was transformed into metabolites corresponding in Rf to 
111 and its conjugates. 


Confirmation of the TLC-derived quantitation of the two free phenolic 
metabolites was sought by two separate reverse isotopic dilution exper- 
iments using the urinary polar radioactive fraction that had been hy- 
drolyzed enzymatically. Compounds I1 and I11 were used as the reference 
compounds. Based on these results, it was calculated that I1 accounted 
for 17.7% (18.2% by TLC) and I11 accounted for 1.9% (TLC indicated 
6.4%) of the original dose. The remaining 4.5% was speculated to be due 
to other monohydroxy iodobiphenyls in a manner similar to the corre- 
sponding fecal metabolite band. 


Differentiation between glucuronide and sulfate conjugates of the 
phenolic metabolites was made by independent enzyme hydrolysis of the 
urinary polar fraction methanolic extracts by P-glucuronidase-arylsul- 
fatase from Helix pomatia versus bovine P-glucuronidase. Comparisons 
by TLC indicated that of the 18.2% of I1 released by enzyme hydrolysis, 
16.1% was from sulfate conjugates while only 2.2% was due to glucuronide 
conjugates. Similarly, of the 6.4% released as material cochromato- 
graphing with III,5.1% was from sulfate and only 1.3% was from glucu- 
ronide conjugates. 


Treatment of the polar band left a t  the origin after enzyme hydrolysis 
with dimethylformamide dimethylacetal revealed that about half (3.1% 
of dose) of the activity could react. The product, when chromatographed 
in System 1, showed a radioactive band at  Rf 0.70. When chromato- 
graphed in System 2, this band appeared a t  Rf 0.60. Due to the minute 
quantity that could be isolated from this radioactive band, attempted 
GLC-mass spectrometric analyses to characterize its structure were not 
successful. 


The various metabolites of I found in the rat feces and urine are sum- 
marized in Table 11, together with their relative percentages of the ad- 
ministered dose. 


DISCUSSION 


while biotransformations of 4-iodobiphenyl (I) have not been reported 
previously, those of 4-chlorobiphenyls have been studied extensively 
(10-14). Results of the present study agree with the literature in that 
hydroxylation at the para-position and subsequent partial conjugation 
are the major metabolic pathways. 


No hydroxylation a t  position 2’ was found for a number of animal 
species administered 4-chlorobiphenyl (10-14). However, the present 
finding of hydroxylation at this position for iodobiphenyl agrees with such 
transformation of biphenyl per se (15-18). 


The presence of metabolites hydroxylated at  positions 2’ and 4‘ of I 
is consistent with the formation of 2’,3’- and of 3’,4’-arene oxide inter- 
mediates of I in the initial biotransformation of this compound. The re- 
action product of the urinary polar fraction after enzyme hydrolysis and 
subsequent reaction with dimethylformamide dimethylacetal was 
speculated to be a methyl derivative of a mercapturic acid metabolite of 
I. A mercapturic acid metabolite would be a logical arene oxide derivative, 
and the electron-withdrawing effect of the attached iodophenyl moiety 
would stabilize the arene oxide which, in turn, would allow more time for 
glutathione conjugation (19). The findings of West et al. (20), who re- 
ported isolation of N-acetyl-S-biphenyl-L-cysteine from rat urine after 
dosing with biphenyl, support such conjugation. Also supporting this 
conjugation is the work of Wood and his associates (21,22) who were able 
to isolate [1311]-4-iodophenyImercapturic acid after oral administration 
of [1311]iodobenzene to rats. 


The fecal polar fraction resisted hydrolysis, indicating the absence of 
glucuronide or sulfate metabolites, but it reacted with N,O-bis(tri- 
methylsily1)acetamide. This fraction also could contain mercapturic acid 
conjugates or their precursors. 


Even though no deiodination was detected in metabolic studies of 
4,4’-diiodobiphenyl in rabbits (23), results from the present studies in- 
dicated that a substantial amount of inorganic iodide could be found from 
the metabolism of I in rats. The absence of dehalogenation by rabbits also 
was pointed out by Block and Cornish (10) in their studies of 4-chloro- 
biphenyl. Thus, a species difference in dehalogenation of biphenyl 
compounds may be indicated. 
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Abstract 0 The interaction of two homologous series of biliary contrast 
agents with native human and bovine serum albumin and with modified 
human serum albumin was investigated using circular dichroism and 
equilibrium dialysis. For most derivatives, extrinsic Cotton effects were 
observed for the interaction with both albumins. In some cases, these 
effects were strongly affected by only small changes in the chemical 
structure of the drugs. These large differences in extrinsic Cotton effects 
can be explained by definite effects of the chemical structures on the 
binding site selectivity of some drugs. For example, iopodate preferen- 
tially binds to the warfarin binding site of human serum albumin, while 
an ethyl group into the propionic acid side chain reduces the affinity for 
the warfarin site but strongly increases the affinity for the diazepam 
binding site of human serum albumin. 


Keyphrases 0 Biliary contrast agents-interaction with native and 
modified human serum albumin, optical studies on warfarin and di- 
azepam binding sites of albumin 0 Albumin, human serum-interaction 
of biliary contrast agents with native and modified albumin, optical 
studies of warfarin and diazepam binding sites 0 Binding sites-warfarin 
and diazepam binding sites on human serum albumin molecule, inter- 
action of biliary contrast agents with albumin Structure-activity re- 
lationships-interaction of biliary contrast agents with native and 
modified human serum albumin, optical studies of warfarin and diazepam 
binding sites 


Contrast agents for the intravenous or oral visualization 
of the biliary tract are, in general, highly bound to albumin 
in the blood of humans and laboratory animals (1). Be- 
cause of their strong binding to albumin, their low lipo- 
philicity, and their low volumes of distribution, plasma 
protein binding of biliary contrast agents seems to be an 
important determinant of the pharmacokinetics of these 
drugs (2,3). Furthermore, since the toxicity of the biliary 
contrast agents increases with increasing plasma protein 
binding, binding mechanisms leading to high albumin 
binding and high toxicity may have similarities (1,4). 


Therefore, detailed knowledge of the degree of albumin 
binding of the biliary contrast agents and of the binding 
mechanisms is of great interest. Thus, it must be deter- 
mined which moieties of the contrast medium molecules 
are important for high binding and to which sites of the 
human serum albumin molecule the substances are bound. 
While some quantitative data on affinity constants and 


numbers of binding sites for two groups of homologous 
biliary contrast agents were published previously (51, this 
study describes qualitatively their interaction with human 
serum albumin, using optical methods and modified al- 
bumin derivatives. 


EXPERIMENTAL 


Materials'-The human serum albumin2 had an electrophoretic 
purity of 100%. All other chemicals were obtained from commercial 
suppliers. 


Preparation of Albumin Derivatives-The modification of human 
serum albumin with 2-hydroxy-5-nitrobenzyl bromide (XII-Br) was re- 
ported in detail elsewhere (6). Human serum albumin was dissolved in 
10 M urea adjusted to pH 4.4 by acetic acid, and a 1100-fold molar excess 
of XIISBr was added (XII-albumin). Another albumin sample was treated 
similarly but without the reagent and was called urea-albumin (control). 
Albumin modified with o-nitrophenylsulfenyl chloride (XIII.Cl) was 
prepared with a 22-fold molar excess of the reagent in 20% acetic acid (7) 
to yield XIII-albumin. With both reagents, the lone tryptophan residue 
of human serum albumin was modified completely (7). 


For the preparation of tetranitromethane- (XIV) modified human 
serum albumin derivatives (XIV-albumin), a 4-, 15-, or 64-fold molar 
excess of tetranitromethane was added to human serum albumin dis- 
solved in 0.05 M tromethamine buffer and adjusted to pH 8.0, resulting 
in the modification of 2.2,5.1, or 7.8 tyrosine residues per albumin mol- 
ecule, respectively. The modification was described in detail elsewhere 
(7). 


The degree of tryptophan and tyrosine residue modification of the 
albumin derivatives was determined spectrophotometrically and by 
amino acid analysis (6,7). 


Circular Dichroism Measurements-Circular dichroism mea- 
surements were performed with a spectr~polarimeter~ calibrated with 
d-camphorsulfonic acid. All solutions were prepared in 67 m M  phosphate 
buffer (pH 7.4). Results are expressed as molar ellipticities [O] (degree 
square centimeter per decimole), calculated with reference to the albumin 
concentration, using a molecular weight of 69,000. The optical path length 
waa 10 mm, and the albumin concentration was 30 or 13.1 pM. Difference 
spectra were obtained by subtracting the effect of the corresponding al- 
bumin derivative as the blank. 


Equilibrium Dialysis ExperimentgThe binding of the '251-labeled 


1 Biliary contrast agents were the gifts of Dr. U. Speck (Scherin AG, Berlin), 
except iopanoic and iophenoxic acids, which were gifts of Dr. G. H.kudge (Dart- 
mouth Medical School). 


Behringwerke, Marburg, West Germany. 
Cary 61. 
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Abstract 0 Simple formulas for calculating the total surface area and 
number of liposomes in any liposome population are presented. The 
necessary parameters for calculating these values are the encapsulation 
ratio (or efficiency) of the population, the partial specific volume of the 
lipids used to prepare the liposomes, and an estimate of the frequency 
distribution of the population. When tested on theoretical liposome 
populations, excellent results are obtained regardless of the heterogeneity 
of the population. 


Keyphrases 0 Liposomes-simple formulas for calculating number and 
surface area of liposomes, heterogeneous populations Drug delivery 
systems, potential-liposomes, simple formulas for calculating number 
and surface area 0 Models, mathematical-simple formulas for calcu- 
lating number and surface area of liposomes 


Liposome is the generic term for any lipid bilayer vesicle 
that traps a volume of water, regardless of its size, com- 
position, and number of lamellae (Fig. 1). In part, because 
of their ability to entrap and transport drugs in uiuo, li- 
posomes have been studied extensively. 


The disposition properties of intravenously injected li- 
posomes are complicated and depend in part on size (l), 
dose (2-4), charge (1, 4), number of particles, and total 
surface area. Pharmacological experiments based solely 
on the number of particles and total surface area have not 
been pursued because these parameters are not easily es- 
timated for a given vesicle population. Although dose and 
size taken together are related to the number of particles 
and surface area, the tendency of liposome populations to 
be heterogeneous allows for differences in number and 
surface area for any given total lipid dose. Even for ho- 
mogeneously sized vesicles, the relationships among dose, 
size, number, and surface area are ambiguous. 


Methods for estimating the number of particles and 
surface area for solid spheres are available (5, 6), but li- 
posomes are not solid spheres. A method is presented here 
for calculating the number and total surface area for any 
liposome population given the liposome encapsulation 
efficiency, an estimate of the liposome frequency uersus 
radius distribution, and the total effective volume of lipid 
used to prepare the vesicles. 


THEORETICAL 


Any given liposome population, whether artificially generated or real, 
may be classified into one of three categories! a homogeneous population, 
a fixed-lamella, variable-radius population, or a heterogeneous popula- 
tion. The liposomes in a homogeneous population are the same in every 
parameter, i.e., radius, surface area, and number of layers if multilamellar. 
An example of this type of population is unilamellar liposomes that have 
been sized carefully (6). A fixed-lamella, variable-radius population is 
similar to a homogeneous population in that the lipid bilayer and water 
layer thicknesses are the same in all liposomes, but the number of re- 
peating water-lipid layers and, consequently, the liposome radii vary 
between liposomes. In contrast, a heterogeneous liposome population 
is the most diverse; every liposome parameter can differ within and be- 
tween vesicles. 


The properties of each population can be rigorously described 


R I t= 


Figure 1-Schematic drawing of liposome structure. Each multila- 
mellar liposome consists of n lamellae, each of which is composed of a 
lipid bilayer of thickness 21. Each lamella alternates with water layers 
of average thickness w; the core lamella forms a unilamellar liposome 
of radius rl (Eq. 19). 


mathematically. The volume of water encapsulated in a unilamellar 
(single-layered) liposome, VW1, is: 


VW1= - *R3 - VL1 (Eq. 1) 


where VL1 is the volume of lipid in the single-layered liposome and R is 
the effective outside radius. If a second layer of water and lipid is added, 
then: 


VW2 = - nR3 - VL2 (Eq. 2) 


where VWz is the volume of water encapsulated in a bilamellar liposome 
and VLz is the volume of lipid required for its formation. Equation 2 can 
be generalized for a n-lamellar liposome (Fig. 1) as: 


VW, = - *R3 - VL, (Eq. 3) 


In a homogeneous population, the values of VW, and VL, are identical 
between vesicles. Therefore, multiplying Eq. 3 by the number of lipo- 
somes in the population, N, gives the total volume of trapped water 
T V W  


4 
3 


4 
3 


4 
3 


4 4 TVW = NVW, = N - *R3 - NVL, = N - r R 3  - TVL (Eq. 4) 
3 3 


where TVL is the total effective volume of lipid used to prepare the 
liposome population. TVL, in turn, is calculated from: 


TVL = EM(KW) 0%. 5) 


where B is the partial specific volume, M is the number of moles, a n d m  
is the average molecular weight of the hydrated lipids. Dividing Eq. 4 by 
Eq. 5 and defining the encapsulation ratio (or efficiency), E ,  as the ratio 
of the entrapped water volume to the total volume of lipid yield: 


Solving Eq. 6 for N gives: 
( E  + 1)TVL N =  


4 - *R3 
3 


(Eq. 7) 


Equation 7 is derived for a homogeneous population of liposomes where 
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Figure 2-Frequency versus radius for six hypothetical liposome 
populations used to illustrate the  validity of Eqs. 15 and 18. I n  each 
frame, the number of liposomes i n  each subpopulation of fixed radius 
is indicated. Each liposome population is composed of 1 mmole of lipid, 
and each bar represents a homogeneous subpopulation. T h e  variable 
liposomal parameters used to construct each population were described 
in the text. Key: A, w = 7.4 nm and rl = 22.5 nm, with n ranging from 
one t o  18 i n  steps of one; B, w = 92.5 nm and r l  = 15 nm, with n ranging 
from two to 18 in steps of two; C, w = 7.4 nm and r l  = 22.5 nm, with n 
ranging from one to 18 i n  steps o f  one; D,  w ranges from 7.4 t o  333 nm 
and rl ranges from 15 to 100 nm, with n ranging from eight to 15 (values 
shown on the ordinate are reduced by a factor of 10); E, w ranges from 
7.4 to 333 n m  and 11 ranges from 15 to 80 nm, with n ranging from two 
to 18; and F, w ranges from 7.4 to 259 nm and rl ranges from 15 to 80 nm 
with n ranging from two to 14. 


every liposome parameter is identical between liposomes. If many ho- 
mogeneous subpopulations are combined to give a heterogeneous pop- 
ulation or a fixed-lamella, variable-radius population, Eq. 7 will hold for 
each ith subpopulation and can be rewritten as: 


(Eq. 8) 
4 
- 7rRf 
3 


Rearranging Eq. 8 and summing the subpopulations up to the kth pop- 
ulation give: 


k k k k 
7r C NiR! = x (Ei + 1)TVL; = x EiTVLi + TVLi 


3 i=1 i = l  i= 1 i= l  


(Eq. 9) 


Recognizing that ZlhlTVL, is the total volume of lipid in the entire 
population, one can write Eq. 9 as: 


3 r = l  - 
4 k  N,RB 5 E,TVL, 


1=1 
+ 1  (Eq. 10) 


Since TVLJTVL is the mole fraction, x,,  of lipid in the ith population, 


- 
TVL TVL 


5 


4 5  


4 


3 5  


3 


2 5  


2 


1 5  


I 


5 


0 
0 05 I 15 2 


__cI 


25 3 


26 20r 10 


- 0  
1s 0 


n 
mlcn 1 1 5 2 2 5 3 3 5  


RADIUS, pm 
Figure 3-Volume versus radius for the same liposome populations 
shown in Fig. 2 (10-10/[(4/3)a] = 2.387 x lo-"). Each bar gives the 
total volume in cubic micrometers (10" pm3 = 0.1 ml) of a homogeneous 
subpopulation of fixed radius. 


Eq. 10 can be rewritten as: 


Q a  5 N,R; k 
0%. 11) 


3 ,=I 
= x,El + 1 


TVL 1-1 


The encapaulation efficiency of the entire population, Ep, is e q d  to z:=i 
%,El; therefore, Eq. 11 reduces to: 


k - (Ep  + 1)TVL (Eq. 12)  x NIRI - 
4 
3 


r = l  
-a 


Dividing both sides of Eq. 12 by Z!=,lN, = N p  and rearranging give: 


(Eq. 13) ( E p  + 1)TVL Np = (t I =  ,i 1 NiRS]/ 1=1 ,$ Ni 


where the term (4/3)7rZ:=,NiRf is the total volume of all liposomes in the 
entire population; therefore, [ (4/3)7rZ:- ,NiRf] /Z !L &" is the average 
volume per liposome. This average volume can be calculated directly from 
a frequency versus radius distribution of the population obtained from 
electron micrographs (7). I t  follows that the liposome with the average 
volume will have a radius r; as is given in: 


4 k  c N ~ R Q  
3 i=l  4 


3 
= - 7 r 6 3  


2 Ni 
i-1 


Substitution of Eq. 14 into Eq. 13 gives: 
( E p  + 1)TVL 


N P =  . (Eq. 15) 
4 
- a 6 3  
3 


Equation 15 allows the total number of liposomes to be calculated for any 
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Table I-Typical Example a of a Complete Set of Properties for Homogeneous Liposome Subpopulations 


105 ~ i , ,  105 VL,, 105 i)Wn, 105 vw,, 10-13 TSA, 10-12 TVW, R, 
n Pm Pm3 Pm3 Pm3 Pm3 E 10-14 N Pm2 Pm3 
1 0.0225 1.99 1.99 2.78 2.78 1.4 404 
2 0.0336 4.69 6.68 6.43 9.21 1.38 120 
3 0.0447 8.54 15.2 13.0 22.2 1.46 52.7 


25.7 
17.0 
13.2 


1.12 
1.11 
1.17 


4 0.0558 13.5 28.8 21.8 44.0 1.53 27.9 10.9 1.23 
5 0.0669 19.7 48.4 33.0 77.0 1.59 16.6 9.32 1.27 
6 0.0780 26.9 75.4 46.4 123 1.64 10.6 8.13 1.31 
7 0.0891 35.4 111 62.1 185 1.67 7.24 7.22 1.34 
8 0.1002 45.0 156 80.1 265 1.70 5.15 6.50 1.37 
9 0.1113 55.7 211 100 366 1.73 3.79 5.91 1.39 


10 0.1224 67.6 279 123 489 1.75 2.87 5.41 1.41 
11 0.1335 80.6 360 148 637 1.77 2.23 5.00 1.42 
12 0.1446 94.7 454 175 812 1.79 1.76 4.64 1.43 
13 0.1557 110 564 204 1020 1.80 1.42 4.33 1.44 
14 0.1668 126 691 236 1250 1.81 1.16 4.06 1.45 
15 0.1779 144 835 270 1520 1.82 0.961 3.82 1.46 
16 0.1890 163 998 307 1830 1.83 0.804 3.61 1.47 
17 0.2001 182 1180 345 2180 1.84 0.680 3.42 1.48 
18 0.2112 204 1380 386 2560 1.85 0.579 3.25 1.48 


0 Each row gives the properties of a homogeneous, n-lamellar liposome population composed of 1 mmole of lipid (8.0226 X 10" pm3). For this example, w, the thickness 
of each water layer ( n  > 1) is fixed at 7.4 nm; the outside radius of the innermost liposome is fixed at 22.5 nm. The column headings are defined in the text. 


type of liposome population whenever valid measures of the parameters 
on either side of Eq. 14 can be obtained. 


A similar expression can be obtained for calculating the total surface 
area of the population. Rearranging Eqs. 12 and 15 to: 


k 


i= 1 
4rNiR; = 3(Ep + 1)TVL = 4 7 ~ N p ~ ~  (Eq: 16) 


and dividing by the total surface area of the population, TSA,, gives: 


where: 
k 


i= 1 
TSA, = 47rN;R: = 4rNPr7' 


and 5 is the radius of the liposome with the average surface area and 9 
= r; = 5 for a homogeneous population. Solving for TSA, and canceling 
terms give: 


and then calculating the volume of lipid and the volume of water in the 
liposome. The remaining liposome parameters were calculated, then 
another layer of water and lipid was added, and the same calculations 
were performed. Data tables thus were generated with 18 rows, each row 
corresponding to a homogeneous population of liposomes composed of 
1 mmole of phospholipid. All liposome input and output parameters, 
along with the method of calculation, are outlined here. 


The outside radius, R, in micrometers of any liposome (Fig. 1) is given 
by: 


R = r l  + (n - 1)(21 + w) (Eq. 19) 
where rl is the outside radius of the first lamella (k, the outside radius 
of the innermost liposome in a multilamellar liposome), n is the number 
of lamella or lipid layers, 1 is the average length of a lipid molecule (it is 
also one-half of the lipid bilayer thickness), and w is the water layer 
thickness (only when n 2 2). 


The volume, in cubic micrometers, of lipid in the nth lamella or lipid 
layer, ul,, is: 


4 
ul, = ; 7r[R3 - (R - 21)3] (Eq. 20) 


" 


(Eq. 18) The volume, in cubic micrometers, of lipid in any n-lamellar liposome, 3(E, + 1)TVL - 3(Ep + 1)TVL TSA, = - (il NLR!)/ 5 NrRz 7 VL, , is: 
r = l  n 


VL, = 1 Ul, (Eq. 21) 


The volume of water in the nth aqueous compartment or layer, ow,, 
is: 


ow, = - r ([rl + (n - 1)w + 21(n - 2)]3 


Thus, to calculate N,, and TSA, for any liposome population, only four I - 1  
parameters (E,, TVL, 6, and 6) are needed. 


4 
3 


RESULTS 


Data Generation-Data to test Eqs. 15 and 18 were generated from 
lipid molecular parameters reported by Mason and Huang (8) for phos- 
phatidylcholine liposomes. Briefly, data generation involved specifying 
the outside radius of the first lamella and the length of the lipid molecule 


- [rl + (n - 2)ur + (n - 2)2lI3] (Eq. 22) 


The volume of water in any n-lamellar liposome, VW,, is: 


Table II-Examole of SubuoDulation Parameter Values Used to Construct Heterogeneous LiDosome Pooulations 


i04w, i04r1, R, 10-13 TSA~, 10-12 TVW~, xi 10-13 TSA~, xi 10-11 TVW~, 
Pm Pm n pm iO-14Ni w2 wm3 xi xi 1 0 - 1 4 ~ ~  wm2 Pm3 


74 300 2 0.041 73.9 15.7 1.35 0.044 3.25 0.698 0.600 
74 800 5 0.224 0.854 5.40 3.24 0.067 0.057 0.360 2.16 
92.5 225 10 0.139 2.27 5.51 1.75 0.200 0.454 1.10 3.50 
92.5 1400 6 0.205 0.974 5.12 2.69 0.111 0.108 0.569 2.99 


111 150 4 0.059 28.3 12.5 1.68 0.178 5.03 2.22 2.99 
111 2200 3 0.250 1.06 8.27 6.08 0.022 0.024 0.184 1.35 
148 150 4 0.071 20.5 12.8 2.21 0.178 3.64 2.28 3.93 
148 1000 14 0.341 0.231 3.37 3.02 0.022 0.005 0.075 
185 300 12 0.274 0.505 4.77 3.56 0.133 0.067 0.636 
259 1800 5 0.298 0.594 6.64 5.81 0.044 0.026 0.295 


0.670 
4.75 
2.58 


Powlation value 1.0 12.7 8.417 25.52 


These data are for population F and corres nd to Figs. 2F and 3F. This heterogeneous po ulation is com ed of 10 homo eneous subpopulations (each corresponding 
to one of the 10 rows and one bar in Fi s. 1 a n E ) ,  where their relative proportion in the totarpopulation ( S s  randomly sefected. The total lipid concentration in each 
final heterogeneous population is 1 mh. 
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Table 111-Comparison of Actual Values of the Total Number and Total Surface Area with Values Calculated Using Eqs. 15 and 18, 
Respectively, for the Six Liposome Populations Shown in Figs. 2 and 3 


Actual Calculated Actual Calculated 


Population r m  r m  E P  NP NP TSA,, pm2 TSA,, pm2 
r;, 99 Value of Value of Value of Value of 


A 0.0714 0.098 1.71 1.41 x 1015 1.42 x 1015 6.64 x 1013 6.56 x 1013 
B 0.0604 0.079 1.96 2.58 x 1015 2.57 x 1015 9.04 x 1013 9.00 x 1013 


0.0579 0.080 1.66 2.62 x 1015 2.62 x 1015 7.99 x 1013 8.00 x 1013 
4.80 x 1013 D 0.2272 0.260 4.19 8.48 x 1013 8.48 x 1013 4.79 x 1013 


E 0.1072 0.156 3.64 7.21 x 1014 7.21 x 1014 7.14 x 1013 7.16 x 1013 
8.42 x 1013 8.40 x 1013 F 0.0857 0.119 3.18 1.27 x 1015 1.27 x 1015 


C 


n 


i= 1 
VW, = c uwi (Eq. 23) 


The total volume of lipid used is given by Eq. 5 and by: 


TVL = (6.023 X 1023)Mla (Eq. 24) 


where M is the number of moles of lipid used and a is the area per lipid 
molecule. 


Approximately 3500 homogeneous liposome populations were gener- 
ated. A typical set of homogeneous liposome populations with the number 
of lamella ranging from one to 18 is given in Table I. 


Fixed-lamella, variable-radius populations were generated by com- 
bining an entire data table such as Table I. Each row of the table was 
generated using 1 mmole of lipid. So that the final fixed-lamella, vari- 
able-radius population also would contain only 1 mmole of lipid, each 
row in the table was multiplied by Xi, the fraction of the total lipid con- 
tained in the ith homogeneous subpopulation, where ZXi = 1 for each 
fixed-lamella, variable-radius population. Three examples of such pop- 
ulations are included in Figs. 2 and 3. 


Since w and rl in Eq. 19 are constant in any one data table, combining 
rows from different data tables allows generation of heterogeneous 
populations composed of i homogeneous populations. Again, Xi is the 
fraction of the total lipid contained in the ith homogeneous population 
(values of Xi were selected at random). Table I1 is an example of one 
heterogeneous population in Figs. 2 and 3. 


Testing of Eqs. 15 and 19-Six heterogeneous populations were 
generated (Figs. 2 and 3). Each population was treated as if it were a 
sample of a larger population. For each population, the total volume of 
lipid, TVL, was the same and was calculated from Eq. 5, where iJ = 1 ml/g 
= 1012 pm3/g, M = (or 1 mmole), and MW = 802.26 g/mole; thus, 
TVL = 8.0226 x 10” pm3/mmole. The encapsulation ratio, E,, for each 
population was calculated as the ratio of TVW to TVL, r; was calculated 
from Eq. 14, and 9 was calculated from Eq. 17. Actual and calculated 
values of N, and TSA, for the six liposome populations in Figs. 2 and 
3 are compared in Table 111. 


DISCUSSION 


Whenever liposomes are used as drug delivery systems, either in uiuo 
or in uitro, the number and surface area of the liposomes should be 
known. These parameters can be calculated using Eqs. 15 and 18. Number 
and surface area values from Eqs. 15 and 18 are theoretically exact as was 
demonstrated in Table 111, regardless of the population heterogeneity. 
However, experimental estimates of the parameters Ep.  TVL, r;, and 6 
will have associated error, which will be reflected in the final values of 
number and surface area. Thus, how the estimates of the four dependent 
variables in Eqs. 15 and 18 are obtained should be discussed. It is assumed 
that estimates of number and surface area within 90% of the actual values 
can be obtained and are adequate for most purposes. 


The encapsulation ratio is defined as the ratio of the total volume of 
trapped water to the total volume of lipid. Typically, however, the en- 
capsulation ratio is measured relative to some solute; e.g., X% of an 
aqueous glucose solution is encapsulated by Y moles of lipid. When it is 
known that the solute does not interact with the lipid bilayer, the general 
assumption is that the encapsulated concentration of solute is the same 
as in the original solution; therefore, the encapsulated volume of aqueous 
phase can be calculated directly. For inert solutes, this assumption is 
generally reasonable. The exceptions are small unilamellar liposomes (8) 
and poorly hydrated multilamellar liposomes in which the water of hy- 
dration, which may exclude the solute somewhat, is a significant fraction 


of the total encapsulated aqueous phase. This should not be the case as 
long as E,  I 1.0. 


The value of the partial specific volume of the hydrated lipids (Eq. 5) 
will never be significantly less than or greater than unity. For example, 
the value for phosphatidylcholine is 0.98 (8). A reasonable assumption 
is that U = 1 (9, lo), even though the area and volume per molecule in 
mixed lipid liposomes can vary substantially. Thus, the total volume of 
lipid can be approximated reasonably by the total mass of lipid used, 
regardless of the molecular weights of the component lipids. 


An estimate of the frequency uersus size distribution is essential for 
these calculations. This estimate can be obtained by electron microscopy 
using either negative stain or freeze-fracture techniques. Olson et al. (7) 
showed that both procedures give essentially the same frequency uersus 
size distributions over a wide range of liposome diameters. (They also 
discussed the limitations of both techniques.) Estimates of both r; and 
9 are obtained directly from the electron photomicrographs of the lipo- 
some sample. An estimate of I; also can be obtained using laser light- 
scattering techniques (11). The value of 6 is calculated using Eq. 14, and 
the value of 9 is calculated from: 


k 


i= 1 
NiR: 


9=- (Eq. 25) 
$ N~R; 
i= 1 


where k is the sample size. 
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BOOKS 


REVIEWS 


Essentials of Drug Product Quality: Concepts and Methodology. 
By MAHMOUD M. ABDEL-MONEM and JAMES G. HENKEL. C. 
V. Mosby, 11830 Westline Industrial Drive, St. Louis, MO 63141. 1978. 
274 pp. 20 X 25 cm. Price $14.95. 
This text, according to the preface, is designed for first professional 


year pharmacy students. It is unique in two respects: (a) it attempts to 
integrate the elements of quality assurance of drugs and drug products 
with the accompanying methodology (directed toward both the drug 
product and the drug in biological fluid); and ( b )  it employs a format and 
style designed to support the use of the personalized system of instruction 
(PSI). PSI is described as “characterized by a mastery learning re- 
quirement, student self-pacing within the course, the use of proctors for 
immediate grading of tests taken by students for each unit (chapter), and 
infrequent lectures.” Nevertheless, the format should lend itself well to 
a more traditional mode of instruction. In this regard, each of the 21 
chapters begins with a list of performance objectives for the student and 
closes with a more than ample list of study questions and practice prob- 
lems. The writing generally is very readable and lucid. 


The first three chapters provide a well-planned, coherent treatment 
of the principles of drug product selection and include an introduction 
to dosage forms, the history and purpose of the official compendia, the 
role played by the FDA in drug product quality assurance, and drug 
product selection based on pharmaceutical equivalence and bioequiva- 
lence. However, some instructors may desire more depth in the treatment 
of dosage forms and bioequivalence. The treatment of the basis, appli- 
cation, and interpretation of official tests for unit-to-unit variation and 
uniformity (Chapter 2) is especially well done. However, the few sentences 
devoted to the dissolution test in Chapter 3 are incomplete and superfi- 
cial. Chapters 4 and 5, which discuss data analysis and significance 
testing, are especially noteworthy. 


The preface suggests that the analytical methodology chosen to be 
discussed (Chapters 6-20) is that supporting the quality assurance of 
drugs and states that the “important analytical methods” are covered. 
This philosophy apparently influenced the selection of t,opics, which 
include ionic equilibria (Ksp and acid-base chemistry) (two chapters), 
solvent extraction principles (one chapter), gravimetric analysis (one 
chapter), volumetric analysis (acid-base and redox) (two chapters), 
spectrometry (UV, colorimetry, IR, fluorescence, and mass spectrometry) 
(five chapters), chromatography (column, TLC, GLC, and HPLC) (three 
chapters), and radioactivity (one chapter). The emphasis is on the 
analysis of organic drugs and less on inorganic substances, as evidenced 
by the absence of precipitation and complexometric titrations among the 
volumetric techniques discussed and the omission of the analysis of 
heavy-metal ions among the gravimetric techniques. Also, electrochemical 
techniques are ignored, although cursory consideration is given to redox 
potentials in the section on redox titrations and potentiometric end-point 
determination is referred to in some examples of titrimetric analysis. 


Each subject begins with a review of chemical principles at an ele- 
mentary, general chemistry level. However, the scope often is limited. 
For example, amphiprotic salts and polyprotic acids are not dealt with 
in the chapter on acid-base equilibria, the use of acid-base titrimetry 
in the analysis of esters by saponification is discussed but a related ap- 
plication to the acylation of alcohols is not, and although chemically 
bonded stationary phases in HPLC are considered, formal allusion to 
reversed-phase methodology, one of the fastest growing techniques ap- 
plied to drug analysis, is absent. However, the chapters on spectrometric 
and chromatographic methods are particularly well presented and pro- 
vide the best depth of coverage of any of the topics discussed. 


Among the most useful components of the chapters on methodology 
are the examples given to illustrate the principles. These examples, taken 
primarily from USP XIX and NF XIV, form an essential part of the 
textual material of the chapter since, in many cases, information or 
methodology may be presented here that is not dealt with in the main 
part of the chapter. Similar examples from the compendia also are offered 
as problems in the study guide found at  the end of each chapter. 


Chapter 21 deals with the use of the scientific literature and is followed 
by an appendix reviewing elementary mathematical operations (signif- 
icant figures, exponents, powers, roots, and logarithms). 


In summary, this is a generally well-written and well-designed text that 
uniquely incorporates principles of drug product selection, quality as- 
surance, and analytical methodology. As such, the tex t  could find ap- 


plication in a modern pharmacy curriculum; however, supplementation 
may be needed in certain areas. The major portion of the text provides 
a survey at  the elementary level of certain methodology applied to the 
analysis of organic drugs. For more detailed and more comprehensive 
coverage of these topics, one of the more standard texts in pharmaceutical 
or analytical chemistry may be more appropriate. 


Reoiewed by Larry L. Augsburger 
Department of Pharmaceutics 


S. Edward Krikorian 
Department of Medicinal Chemistry1 


Pharmacognosy 
School bf Pharmacy 
University of Maryland 
Baltimore, MD 21201 


and 


The Basis of Medicinal Chemistry: Burger’s Medicinal Chemistry, 
4th Ed., Part I. Edited by MANFRED E. WOLFF. Wiley, 605 Third 
Ave., New York, NY 10016.1980.497 pp. 17 X 25 cm. Price $29.50. 
Part I is the first of a three-volume work containing 12 chapters. This 


multiauthored text presents underlying principles of medicinal chemistry 
and includes new areas and topics representing the changes in the 
pharmaceutical sciences since the last edition. The authors, chosen by 
the editor, are considered to be authorities in their field. The topics are 
reminiscent of those in the “Principles of Drug Action: The Basis of 
Pharmacology, 2nd ed.,” by A. Goldstein, L. Aronow, and S. M. 
Kalman. 


The 12 subjects covering 478 pages in this volume were selected ap- 
parently on the basis of their broad appeal. They include an introductory 
chapter dealing with a historical account of medicinal chemistry; one 
chapter on Drug Absorption, Distribution, and Elimination; two chapters 
on metabolism, Drug Biotransformation-Oxidation, Reduction, Hy- 
drolytic and Conjugation Reactions and Chemical and Biological Factors 
Influencing Drug Biotransformation; three chapters based on drug- 
receptor interactions, Receptor Theories and Dose-Response Rela- 
tionships, Drug-Receptor Geometry, and The Nature of the Drug- 
Receptor Bond; three chapters on the methods of drug design, Guidelines 
for Drug and Analog Design, Approaches to the Rational Design of En- 
zyme Inhibitors, and QSAR, and two chapters covering Drug Allergy and 
Chemical Carcinogenesis. The chapters on metabolism, drug-receptor 
interactions, and drug design were particularly interesting. 


With well-written chapters, a thorough and updated literature coverage 
in most chapters (3451 references of which 1337 are in the introductory 
chapter) for further investigation, and a comprehensive subject index, 
this book accomplishes its purpose as a secondary source for the biologist 
and medicinal chemist in industry and academia. This text can be rec- 
ommended as a useful reference to graduate students for an advanced 
course in medicinal chemistry and other disciplines (biochemistry, 
pharmacology, biophysics, microbiology, and biu-organic). Most re- 
searchers in these areas will find this book to be a useful addition to their 
library. 


Reviewed by Robert A. Magarian 
Department of Medicinal Chemistry 
College of Pharmacy 
Health Sciences Center 
University o/ Oklahoma 
Oklahoma City, OK 73190 


Handbook of Basic Pharmacokinetics, 2nd ed. By WOLFGANG A. 
RITSCHEL. Drug Intelligence Publications, Hamilton, IL 62341.1980. 
454 pp. 11 X 19 cm. Price $19.50. 
The author views this book not as a textbook but rather as a collection 


of pharmacokinetic facts. The book meets this definition well. It is a 
comprehensive collection of important facts necessary to the under- 
standing of pharmacokinetics. 


This edition has new sections on dosage adjustment in the elderly and 
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the obese and physiological and pathological factors that influence drug 
response. A section on correlating clinical response with drug disposition 
has been added. There also is a new chapter on bioavailability and bio- 


mulation will require access to this series, However, anyone involved in 
formulation development or evaluation will also find this series to be of 
great value. It deserves to be the definitive reference for academic use. 


equivalence. 
Definitions are presented as a glossary in the first chapter. The pro- 


ce88e8 of liberation, absorption, distribution, metabolism, and elimination 
are described in Chapter 2. Histological features of organs and cell 
membranes and drug-receptor interactions are considered in Chapters 
3-5. 


Absorption mechanisms (Chapter 6), physicochemical principles, in- 
cluding pKa values and partition coefficients (Chapters 7-9), and a 
physiological discussion of the GI tract and the circulatory system 
(Chapters 10 and 11) are presented. 


Protein binding (Chapter 12), drug metabolism (Chapter 131, and drug 
elimination (Chapter 14) are mentioned, and drug reabsorption in the 
kidneys and biliary recycling are presented in Chapter 15. 


The next section of the book (Chapters 16-26) deals with mathematical 
descriptions of various compartmental models. Included are one- and 
two-compartment models with intravenous and oral dosing. The deter- 
mination of rate constants by noncomputer techniques is included with 
a discussion of volumes of distribution. Concentrations after single and 
multiple doses are calculated. Methods for calculating and using the area 
under the curve and urine data are presented. Dosage adjustment for 
children, elderly, and obese patients are presented, as are methods used 
to calculate dosage regimens for desired results. 


The final chapters of the book (Chapters 27-31) deal with the effect 
of physiological factors on drug response and disposition, nonlinear 
pharmacokinetics, curve fitting, clinical response correlations with dis- 
position, and bioavailability and bioequivalence. The appendix gives 14 
pages of pharmacokinetic information for various drugs. 


This book covers many of the topics discussed in an undergraduate 
biopharmaceutics course and of interest to a clinical pharmacist. Each 
topic is covered briefly but comprehensively. Both students and prac- 
ticing pharmacists should find this book to be a very useful aid in un- 
derstanding and using pharmacokinetic principles. 


Reviewed by David Bourne 
Diuision of Pharmaceutics and 


Pharmaceutical Analysis 
University of Kentucky 
Lexington, KY 40506 


Pharmaceutical Dosage Forms: Tablets Vol. 1. Edited by HERBERT 
A. LIEBERMAN and LEON LACHMAN. Dekker, 270 Madison Ave., 
New York, NY 10016. 1980. 490 pp. 18 X 25.5 cm. Price $59.75. (A 
special introductory price of $29.75 is available on orders of five or more 
copies in the United States and Canada.) 
This book is the first in a three-volume treatise designed to examine 


in detail all phases of tablet technology, from initial development to final 
quality assurance. In the first volume, each chapter develops from an 
introduction through to the present pharmaceutical practice. Fourteen 
authors contributed to this first volume of eight chapters, and they, along 
with those listed for the other two volumes, represent an illustrious se- 
lection of experts in this area. 


Chapter I, entitled Preformulating Testing, is an excellent review of 
all the physical pharmacy testing necessary to characterize a new drug 
substance. Three excellent case studies are presented. The second 
chapter, entitled Tablet Formulation and Design, demonstrates how a 
suitable drug formulation should be developed based on available pre- 
formulation knowledge. Compressed Tablets comprises Chapter 111 in 
which each unit process step is reviewed, and the advantages and dis- 
advantages of the techniques and excipients available are discussed in 
detail. 


The final five chapters are entitled Compression-Coated and Layer 
Tablets; Effervescent Tablets; Special Tablets: Sublingual and Buccal 
Tablets; Chewable Tablets; and Medicated Lozenges. For each, the 
processing steps and alternatives are reviewed along with details of typical 
formulations. 


The remaining two volumes promise to discuss each unit process in 
detail. Each chapter in Volume 1 is, however, complete within itself. 
When publication is completed, this series will be considered as the de- 
finitive state of the art. If, as the title implies, further volumes on capsules, 
liquids, and semisolids follow, this series will become the encyclopedia 
of pharmaceutical technology. Anyone actively involved in tablet for- 


Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Drug Level Monitoring-Analytical Techniques, Metabolism, and 
Pharmacokinetics. By WOLFGANG SADfiE and GEERTRUIDA 
C. M. BEELEN. Wiley, 605 Third Ave., New York, NY 10016.495 pp. 
15 X 23 cm. Price $35.00. 
This book is divided into essentially two parts. The first part consists 


of brief, generalized chapters on drug metabolism, pharmacokinetics, 
clinical pharmacokinetics and therapeutic drug level monitoring, and 
analytical techniques. Of these four chapters, the work on analytical 
techniques is the most extensive. 


The second section consists of drug monographs for 102 drugs which 
were chosen on the basis of being currently measured in clinical phar- 
macokinetic laboratories, being representative of a class of chemical or 
pharmacological agents, and/or belonging to the following major classes: 
antimicrobials, anticancer drugs, antiepileptics, cardiovascular drugs, 
psychotropic drugs, analgesics, and drugs of abuse. Each monograph 
contains a brief description of the therapeutic and toxic concentration 
ranges, metabolism, analogous compounds, and analytical techniques. 
The last section of each monograph briefly describes the various ana- 
lytical methods (with pertinent references) that have been employed. 
References in this section are current to 1978. However, an addendum 
at  the end of the book updates the references through October 1979. 


The chapters that appear in the first part of this book are far too brief 
and cursory to be of value to anyone unfamiliar with the given area. Two 
pages on the topic of pharmacokinetics is hardly worth the effort. In 
addition, the treatment of the various analytical techniques is quite un- 
balanced. Spectroscopic methods such as UV and visible spectroscopy, 
colorimetry, and fluorescence are given as much coverage as high-per- 
formance liquid chromatography, although the latter method is of much 
greater utility in monitoring blood levels of drugs. Greater coverage of 
the more important methods at  the expense of the less important ones 
might have been a better approach. 


The section containing drug monographs provides a wealth of infor- 
mation and important references. In most cases, some details are given 
on the most suitable methods. 


Despite the shortcomings of the initial chapters, this book will be 
valuable to anyone engaged in drug level monitoring. Since the book 
provides a good survey of the pertinent literature, it can serve as an ex- 
cellent starting point in searching for the best assay for a given drug level 
monitoring project. 


Reviewed by James W. Munson 
The Upjohn Company 
Kalamatoo. MI 49001 


Clinical Pharmacology, 24th ed. Edited by RONALD H. GIRWOOD. 
Macmillan, 866 Third Ave., New York, NY 10022.1980.608 pp. 15 X 
23 cm. Price $29.95. 
First published in 1884 in Great Britain, Clinical Pharmacology ap- 


pears to be designed to acquaint medical and paramedical professionals 
with a relatively complete compilation of currently used drugs. Following 
two chapters devoted to discussions of Mechanisms Involved in Drug 
Action and Adverse Drug Reactions are 16 additional chapters that ad- 
dress antimicrobials, analgesics, autonomic and CNS drugs, cardiovas- 
cular drugs, drugs affecting the respiratory system, drugs affecting the 
alimentary system, drugs acting on the kidney, endocrine drugs, vitamins, 
hematinica, anticoagulants, cancer chemotherapy, heavy metals, and drug 
treatment of skin disorders. Chapter 19, An International Guide to 
Proprietary Names, provides a cross-listing of generic names from the 
trade names of drugs marketed both in Europe and the United States. 


Written by one of the six contributing authors, each chapter introduces 
the drug category, describes the physical or chemical characteristics of 
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Abstract 0 The interaction of two homologous series of biliary contrast 
agents with native human and bovine serum albumin and with modified 
human serum albumin was investigated using circular dichroism and 
equilibrium dialysis. For most derivatives, extrinsic Cotton effects were 
observed for the interaction with both albumins. In some cases, these 
effects were strongly affected by only small changes in the chemical 
structure of the drugs. These large differences in extrinsic Cotton effects 
can be explained by definite effects of the chemical structures on the 
binding site selectivity of some drugs. For example, iopodate preferen- 
tially binds to the warfarin binding site of human serum albumin, while 
an ethyl group into the propionic acid side chain reduces the affinity for 
the warfarin site but strongly increases the affinity for the diazepam 
binding site of human serum albumin. 


Keyphrases 0 Biliary contrast agents-interaction with native and 
modified human serum albumin, optical studies on warfarin and di- 
azepam binding sites of albumin 0 Albumin, human serum-interaction 
of biliary contrast agents with native and modified albumin, optical 
studies of warfarin and diazepam binding sites 0 Binding sites-warfarin 
and diazepam binding sites on human serum albumin molecule, inter- 
action of biliary contrast agents with albumin Structure-activity re- 
lationships-interaction of biliary contrast agents with native and 
modified human serum albumin, optical studies of warfarin and diazepam 
binding sites 


Contrast agents for the intravenous or oral visualization 
of the biliary tract are, in general, highly bound to albumin 
in the blood of humans and laboratory animals (1). Be- 
cause of their strong binding to albumin, their low lipo- 
philicity, and their low volumes of distribution, plasma 
protein binding of biliary contrast agents seems to be an 
important determinant of the pharmacokinetics of these 
drugs (2,3). Furthermore, since the toxicity of the biliary 
contrast agents increases with increasing plasma protein 
binding, binding mechanisms leading to high albumin 
binding and high toxicity may have similarities (1,4). 


Therefore, detailed knowledge of the degree of albumin 
binding of the biliary contrast agents and of the binding 
mechanisms is of great interest. Thus, it must be deter- 
mined which moieties of the contrast medium molecules 
are important for high binding and to which sites of the 
human serum albumin molecule the substances are bound. 
While some quantitative data on affinity constants and 


numbers of binding sites for two groups of homologous 
biliary contrast agents were published previously (51, this 
study describes qualitatively their interaction with human 
serum albumin, using optical methods and modified al- 
bumin derivatives. 


EXPERIMENTAL 


Materials'-The human serum albumin2 had an electrophoretic 
purity of 100%. All other chemicals were obtained from commercial 
suppliers. 


Preparation of Albumin Derivatives-The modification of human 
serum albumin with 2-hydroxy-5-nitrobenzyl bromide (XII-Br) was re- 
ported in detail elsewhere (6). Human serum albumin was dissolved in 
10 M urea adjusted to pH 4.4 by acetic acid, and a 1100-fold molar excess 
of XIISBr was added (XII-albumin). Another albumin sample was treated 
similarly but without the reagent and was called urea-albumin (control). 
Albumin modified with o-nitrophenylsulfenyl chloride (XIII.Cl) was 
prepared with a 22-fold molar excess of the reagent in 20% acetic acid (7) 
to yield XIII-albumin. With both reagents, the lone tryptophan residue 
of human serum albumin was modified completely (7). 


For the preparation of tetranitromethane- (XIV) modified human 
serum albumin derivatives (XIV-albumin), a 4-, 15-, or 64-fold molar 
excess of tetranitromethane was added to human serum albumin dis- 
solved in 0.05 M tromethamine buffer and adjusted to pH 8.0, resulting 
in the modification of 2.2,5.1, or 7.8 tyrosine residues per albumin mol- 
ecule, respectively. The modification was described in detail elsewhere 
(7). 


The degree of tryptophan and tyrosine residue modification of the 
albumin derivatives was determined spectrophotometrically and by 
amino acid analysis (6,7). 


Circular Dichroism Measurements-Circular dichroism mea- 
surements were performed with a spectr~polarimeter~ calibrated with 
d-camphorsulfonic acid. All solutions were prepared in 67 m M  phosphate 
buffer (pH 7.4). Results are expressed as molar ellipticities [O] (degree 
square centimeter per decimole), calculated with reference to the albumin 
concentration, using a molecular weight of 69,000. The optical path length 
waa 10 mm, and the albumin concentration was 30 or 13.1 pM. Difference 
spectra were obtained by subtracting the effect of the corresponding al- 
bumin derivative as the blank. 


Equilibrium Dialysis ExperimentgThe binding of the '251-labeled 


1 Biliary contrast agents were the gifts of Dr. U. Speck (Scherin AG, Berlin), 
except iopanoic and iophenoxic acids, which were gifts of Dr. G. H.kudge (Dart- 
mouth Medical School). 
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Table I-Structural Requirements for the Generation of Extrinsic Cotton Effects: 
Intravenous Biliary Contrast Agents a 


Human Serum Albumin Bovine Serum Albumin 
may, mar, 


Compound R nm 101 x 10-4 b nm [o] x 10-4 * 
I 


I1 
I11 
IV 


V 


(iodipamide) 


(iogl ycamide) 


(iotroxamide) 


(iodoxamide) 


310 
285 
270 
270 
295 
280 


280 


+0.44 f 0.02 
-0.70 f 0.03 
-0.97 f 0.02 
-1.32 f 0.06 
-0.20 f 0.03 
+0.37 f 0.06 


-0.49 f 0.05 


- 


- 


260 
315 
280 
290 
260 


- 
+1.45 f 0.08 
-0.45 f 0.05 
+1.12 f 0.07 
-0.38 f 0.08 
+2.48 f 0.12 


a Extrinsic Cotton effects are given as molar ellipticities ([el), calculated with reference to the concentration of drug bound at the wavelength of the induced circular 
dichroism maximum (Amax). All data are difference values, using the Cotton effects of human or bovine serum albumin at the same wavelength as the blank. Albumin 
concentrations of 30 pM and drug concentrations of 60 pM were used. f f s* = mean f SEM; n = 6. 


biliary contrast agents, [14C]warfarin, and [14C]diazepam to the albumin 
derivatives was determined by equilibrium dialysis using an albumin 
concentration of 36 pit4 and varying concentrations of the contrast agents. 
All solutions were prepared with 67 mM phosphate buffer (pH 7.4). The 
albumin solution (0.9 ml) was dialyzed for 16 hr at 25' in the dark against 
the buffer (0.9 ml) containing the labeled drugs. Dialysis cells (1 ml) and 
cellophane dialysis membranes4 were used. The radioactivity on both 
sides of the membrane was determined by liquid scintillation spec- 
trometry. 


RESULTS 


Interaction with Native Human and Bovine Serum Albumin- 
The binding of most of the intravenous and oral biliary contrast agents 
to native human and bovine serum albumin significantly changed the 
circular dichroism spectra of the proteins between 250 and 350 nm (Fig. 
1). Maxima and shoulders of the induced circular dichroism spectra 
correlated sufficiently with maxima and shoulders of the UV absorbance 
spectra of the ligands. Thus, the induced Cotton effects undoubtedly were 
extrinsic in origin and originated by binding-induced optical perturba- 
tions of electronic transitions of the contrast agent molecules. 


The extrinsic Cotton effects of iodipamide (an example of the intra- 
venous contrast agents) consisted of a t  least three Gaussian components 
(8), with a small positive band at -310 nm, a larger negative one at  270 
nm, and a shoulder a t  -285 nm (Fig. 1). Increasing the length of the ali- 
phatic bridge between both triiodobenzoic acid nuclei of the intravenous 
contrast agents significantly altered the induced Cotton effects (Table 
I). The weak band at  310 nm disappeared completely, while the strong 
band at  -270 nm was present in all intravenous contrast agents investi- 
gated, although great differences in the intensity and sign of this band 
were observed (Table I). 


The intensity of the extrinsic Cotton effects depended on the con- 


250 300 350 250 300 350 
WAVELENGTH, nm 


Figure 1-Extrinsic Cotton effects of some biliary contrast agents (60 
pM) in the presence of human (left) or bovine (right) serum albumin. 
The albumin concentration was 30 fiM. The data are difference values, 
using the Cotton effects of the albumins at each wavelength as a blank. 
Each point represents the mean of three determinations. 


Union Carbide. 


centration of the ligands, as shown for I (iodipamide) in Fig. 2, where the 
three extrinsic circular dichroism bands of I increased differently with 
increasing concentrations. The positive band at  310 nm seemed to be 
associated mainly with binding to the single high-affinity binding site 
(5) since this band increased only to about one molecule bound per 
molecule of human serum albumin (Fig. 2). The band at 270 nm also was 
generated at  secondary binding sites. The induced Cotton effects a t  285 
nm seemed to be higher a t  the secondary sites than at the high-affinity 
binding site, as might be concluded from the shape of the curve in Fig. 
2. 


While I and I1 are bound to human serum albumin more strongly than 
111-V, I and I1 are bound less strongly to bovine serum albumin than the 
other three derivatives (5). Accordingly, only for the interaction of 111-V 
with bovine serum albumin were induced Cotton effects found (Fig. 1 and 
Table I). The positions of the circular dichroism band were in agreement 
with those found in the interaction with human serum albumin (Table 
I). 


As with the intravenous agents, the binding of the oral biliarycontrast 
agents to human serum albumin induced extrinsic Cotton effects with 
a strong band at  -270 nm and a weak band above 300 nm (Fig. 1 and 
Table 11). The band intensity a t  270 nm differed little for the six com- 
pounds, but the sign of this band was highly dependent on the substitu- 


A - [ 8 ] , 2 8 5 n m  


0 - [ e l l  270 nm /: 1.0 


/ f J  


A - [ 8 ] , 2 8 5 n m  
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F! 
X 
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0 1.0 2.0 U 1.u L.U - 
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Figure 2-Correlation between the concentration of I bound t o  human 
serum albumin (30 wM) and the intensity of the induced Cotton effects 
at three different maxima (given as molar ellipticity, [ e l ,  calculated 
with reference to the albumin concentration). The concentration bound 
is given as i (moles of I bound per mole of albumin). Each point repre- 
sents the mean of six determinations. 


550 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 5. May 1981 







Table 11-Structural Requirements for the Generation of Extrinsic Cotton Effects: Oral Biliary Contrast Agents i 
~ ~~ 


Human Serum Albumin Bovine Serum Albumin 
A,.,, Am,, 


Compound Ri R2 nm [el x 10-4 * nm [el x 10-4 * 


'CH, 270 +o.a2 f 0.08 


w ,CHt 330 -0.13 f 0.01 325 +0.39 f 0.01 
N-CH-N 275 -1.85 f 0.03 295 -0.42 f 0.06 I 


CH,CHCOOH 
VI 


+0.30 f 0.02 305 -0.07 f 0.01 VII CHzCHJXOH N-C-NHCH, 330 
I 270 +1.52 f 0.12 
CH, 


VIII CHzCH#X33H N-;C--NH, 


IX CHzCHzCOOH N=C-NHz 


330 
295 
270* 


295 
270" 


+0.2a * 0.01 300 +0.33 f 0.01 
-0.26 f 0.02 260* +1.19 f 0.04 
+1.76 f 0.16 
-0.60 f 0.07 265* +1.93 f 0.04 
+1.36 f 0.15 


X CH,CHCOOH N=C--NHC& 270 +1.07 f 0.04 330 +0.35 f 0.01 
300 -0.74 f 0.00 
270 +i.a f 0.00 I 


CHs 
I 
C& , CHa 


XI CHzCH#X33H N=CH-N 270 +2.43 f 0.04 280 +1.35 f 0.03 
(iopodate) 'CH, 


a Extrinsic Cotton effects are given as molar ellipticities ([el), calculated with reference to the concentration of drug bound at the wavelength of the induced circular 
dichroism maximum (A,) or shoulder (*). All data are difference values, using the Cotton effects of human or bovine serum albumin at the same wavelength as the blank. 
Albumin concentrations of 30 pM and drug concentrations of 60 pM were used. * f f Q; n = 6. 


ents of the triiodobenzene moiety (Table 11). While this band was positive 
for VII and XI, the introduction of an ethyl group in the propionic acid 
side chain of XI made this band negative (VI in Table 11). This dramatic 
effect was not found for the binding to bovine serum albumin since the 
band at  270 nm, if present, was positive for all compounds. 


As found for the intravenous contrast agent I, the intensity of the ex- 
trinsic Cotton effects of the oral contrast agents depended on the ligand 
concentration. The induced optical activity of XI (iopodate) bound to 
human serum albumin increased only until the first molecule of XI was 
bound per albumin molecule but decreased at  higher concentrations (Fig. 
3). Again, the introduction of an ethyl group in XI was followed by a 
binding change to optically active binding sites, as shown by the increase 
of both bands of VI with increasing numbers of molecules bound per 
molecule of human serum albumin (Fig. 3). 


Optical Studies with Tryptophan- and Tyrosine-Modified Human 
Serum Albumin-Previous studies labeled the specific warfarin binding 
site of human serum albumin by modification of the lone tryptophan 
residue with XII-Br or XIIICl(8). The highly reactive tyrosine residue 
is part of the indole and benzodiazepine binding site, which can be 
modified selectively with XIV (7). Accordingly, XII-albumin and 
XIV-albumin were used to investigate the significance of the warfarin 
and the diazepam binding sites for the interaction of the biliary contrast 
agents with human serum albumin. Since the tryptophan modification 
by XII-Br includes an unfolding of the protein in acidic urea solution, 
urea-albumin was used to measure the effect of the acidic unfolding on 
the binding of the compounds to human serum albumin. 


The unfolding procedure only slightly changed the extrinsic Cotton 
effects of I, VI, and XI and those of iophenoxic acid and iopanoic acid, 
two oral biliary contrast agents that are structurally related to VI and 
XI (Table 111). However, the tryptophan modification reduced the ex- 
trinsic Cotton effects of I and iophenoxic acid at  both concentrations 
investigated by -4650%. The most striking observation was made for 
VI where the large negative band at  270 nm disappeared after the tryp- 
tophan modification and a small positive band appeared at  -260 nm (Fig. 
4 and Table 111). On the other hand, the extrinsic Cotton effects of XI 
and of iopanoic acid were not reduced by the tryptophan modifica- 
tion. 


The modification of about two out of the 18 tyrosine residues of human 
serum albumin (XIV-albumin) had no influence on the extrinsic Cotton 
effects of I at 310 nm, while those at  270 nm were reduced to -50% (Table 
IV). Furthermore, the extrinsic Cotton effects of iophenoxic acid were 
influenced only slightly by the modification of two tyrosine residues, but 


- 
r 


Figure 3-Correlation between the concentration of X I  (upper) and 
VI (lower) bound to human serum albumin (30 pM) and the intensity 
of the induced Cotton effects at different maxima (given as molar el- 
lipticity, [@], calculated with reference to the albumin concentration). 
The concentration bound is given as P (moles of drug bound per mole 
of albumin). Each point represents the mean of six determinations. 
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Table 111-Tryptophan and Tyrosine Modification of Human Serum Albumin: Influence of the Extrinsic Cotton Effects a 


A, 
Drug nm 


I 310 
310 
270 
270 


VI 275 


320 
Iopanoate 303 


Ann 


Drugprotein, 


1 
3 
1 
3 
1 
3 
1 
3 
1 
3 


[MIMI 


1 
3 


Control 
(n  = 4) 


[B ]  x 10-3, x f 
XIV-Albumin Urea- Albumin XII-Albumin 


(n  = 3) ( n  = 4) (%) (n  = 6) (%) 


+8.9 f 0.5 
+10.5 f 0.3 
-5.7 f 0.5 


-16.8 f 1.1 
-9.6 f 0.7 


-34.8 f 2.0 
+35.9 f 0.8 
+41.7 f 0.3 
-41.5 f 0.4 
-34.9 f 0.4 
-13.8 f 0.3 
-5.6 f 0.3 


+9.9 f 0.2 (111) 
+12.0 f 0.2 (114) 
-5.0 f 0.6 (88) 
-8.9 f 0.5 (53) 


-23.8 f 0.4 (248) 
-61.0 f 0.8 (175) 
+1.1 f 0.3 (3) 


-31.6 f 0.8 (-76) 
-27.6 f 0.3 (67) 
-39.3 f 0.6 (113) 
-4.1 f 0.3 (30) 
-1.1 f 0.3 (20) 


+7.4 f 0.3 
+11.3 f 0.3 


+3.8 f 0.3 (51) 
+5.4 f 0.3 (48) 


-8.9 f 0.8 
-17.2 f 0.9 
-10.1 f 0.4 
-34.7 f 1.0 
+35.8 f 0.1 
+25.3 f 0.2 
-41.8 f 0.7 
-38.1 f 0.8 
-12.5 f 0.2 
-4.5 f 0.4 


-6.5 f 0.4 (73) 
-10.8 f 0.3 (63) 


+4.2 f 0.4 (-42) 
-2.7 f 0.9 (8) 


+35.2 f 0.6 (98) 
+45.4 f 0.6 (179) 
-25.6 f 0.3 (61) 
-27.3 f 0.3 (72) 
-12.7 f 0.3 (102) 
-9.8 f 0.3 (218) 


The molar ellipticities ([el), calculated with reference to the albumin concentration, of various contrast agents bound to native (control) and tryptophan- (XII-albumin) 
and tyrosine- (XIV-albumin) modified human serum albumin, a t  the wavelength of their induced circular dichroism maxima (A). Albumin concentrations of 13.1 pM 
were used with two different molar drug to albumin concentration ratios (D/P). 


Table IV-Binding of I (Iodipamide) and XI (Iopodate) to Tryptophan- and Tyrosine-Modified Human Serum Albumin a 
~~ 


I XI 
K~ x 10-4, K~ x 10-4, K~ x 10-4, K* x 10-4, 


nl M-1 n2 M-1 nl M-1 n2 M-1 
Control 1.1 307 2.0 9 1.1 254 4.1 12 
Urea-albumin 1 .o 314 1.8 8 1.1 198 3.7 12  
XII-albumin 0.8 71 1.8 6 1.0 167 4.0 6 
XIII-albumin 0.8 61 2.1 6 1.2 313 3.8 11 
XIV-albumin 0.8 228 1.9 6 0.9 60 3.9 13 


The binding of the two contrast agents to the human serum albumin derivatives (36 pM) was investigated by equilibrium dialysis. Curved Scatchard plots were resolved 
to obtain n (number of binding sites) and K (association constant) by a graphical method according to Pennock (9). For each individual Scatchard plot, 30-40 experiments 
a t  eight to 10 different concentrations of the drugs were performed. 


those of iopanoic acid were strongly reduced at both ligand concentra- 
tions. However, the modification of only two tyrosine residues (XIV- 
albumin) had an interesting effect on the extrinsic Cotton effects of the 
structurally related compounds, VI and XI. While the negative Cotton 
effects of VI were increased by nearly 100% at both ligand concentrations 
(Fig. 4 and Table III), the positive band of XI disappeared at a molar drug 
to albumin ratio of one and became negative at  higher drug to albumin 
ratios (Fig. 5 and Table 111). Increasing the degree of tyrosine modifica- 
tion to 5.1 was followed by a reduction of the Cotton effects of VI and XI, 
and the Cotton effects of both contrast agents became positive again when 
7.8 tyrosine residues were modified per molecule of albumin (Figs. 4 and 
5). 


Equilibrium Dialysis Studies on Binding of I and XI to Native and 
Modified Human Serum Albumin-As calculated from the curved 
Scatchard plot (Fig. 6) by the method of Pennock (9), I binds to native 
human serum albumin via one high-affinity and two low-affinity binding 
sites (Table IV). While the unfolding in acidic urea (urea-albumin) was 


nearly without effect on the binding of I, the modification of the lone 
tryptophan residue with XIICI as well as with XIIIeBr strongly reduced 
the association constant of the high-affinity binding site for I (Fig. 6 and 
Table IV). The secondary binding sites remained nearly unaffected by 
the tryptophan modifications. The modification of about two tyrosine 
residues with XIV, on the other hand, had a significantly smaller effect 
on the high-affinity binding site of I than did the modification of the 
tryptophan residue. In all three modified albumin derivatives, the 
number of high-affinity binding sites was reduced from -1.0 to 4.7-0.82, 
possibly not an effect of the modification of a specific amino acid res- 
idue. 


In contrast to I, neither tryptophan modification affected the high- 
affinity binding site of XI. The slightly reduced affinity found for XII- 
albumin also was found for urea-albumin and, therefore, may be an effect 
of unfolding during modification. Also in contrast to I, the tyrosine 
modification reduced the affinity of the high-affinity binding site up to 
-25% ofthe value found for native albumin. Neither tryptophan nor the 
tyrosine modifications significantly changed the number of high-affinity 


250 300 350 250 300 350 
WAVELENGTH, nm 


Figure 4-Induced circular dichroism spectra of V I  bound to human 
serum albumin and modified albumin derivatives (all were 13.1 gM). 
Intensity is given as molar ellipticity, LO], catcutated with respect t o  
the  albumin concentration. Compound V I  was used a t  a molar drug to  
albumin ratio of 3. Data are difference values, using the  Cotton effects 
of the  albumin alone as a blank. Each point is the  mean of three deter- 
minations. Key  (left): 0, native humanserum albumin; 0, XIV-albu- 
min  (degree of modification 2.2); 6, XIV-albumin (5.1); and 0 ,  X I V -  
albumin (7.8). Key  (right): 0, albumin; A, urea4bumin;and  ., XII-  
albumin. 


4t 89, 


l l B  a 
e 


o z  
-2  - - 2  m 


X - 
I 


-4 O I  - -4 


lo b 
1 -  


-4 1 I I  
250 300 350 250 300 350 


WAVELENGTH, nm 


Figure 5-Induced circular dichroism spectra of X I  bound to human 
serum albumin and modified albumin derivatives (all were 13.1 pM). 
Intensity is given as molar ellipticity, [%I, calculated with respect to 
the  albumin concentration. Compound X I  was used at molar drug to 
albumin ratios of 1 (left) and 3 (right). Data are difference values, using 
the  Cotton effects of the  albumins alone as a blank. Each point is the 
mean of three determinations. Key: 0 ,  native human serum albumin; 
0, XIV-albumin  (degree of modification 2.2); 6, XIV-albumin (5.1); 
and 0, XIV-albumin (7.8). 
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Table V-Inhibition (Percent Displacement, Fi f e. n = 3) of Diazepam and Warfarin Binding to Human Serum Albumin by Biliary 
Contrast Agents * 


Diazepam Warfarin 
Displacer DP 1.5 D/P 4.5 D P  1.5 D P  4.5 


Iopanoic acid 
Iophenoxic acid 


I (iodipamide) 
VI 
XI (iopodate) 


32.2 f 1.0 
6.1 f 0.9 
1.8 f 0.9 


16.0 f 1.0 
7.1 f 0.4 


38.2 f 0.7 
26.9 f 1.0 
3.4 f 1.0 


36.2 f 1.1 
14.0 f 0.2 


10.3 f 0.6 
37.8 f 0.6 
23.1 f 0.8 
8.0 f 1.4 
7.0 f 1.4 


46.6 f 1.6 
78.7 f 1.1 
43.4 f 1.5 
29.0 f 1.7 
23.2 f 1.0 


The inhibition of the binding of diazepam (40 pM) and of warfarin (72 pM) to human serum albumin was investigated by equilibrium dialysis, using the displacing 
drugs at two different molar drug to albumin concentration ratios (DP). The data are given as percent displacement of the fraction bound under control conditions (diazepam 
= 84.9%; warfarin = 79.7%). 


binding sites nor the properties of the secondary binding sites of XI 
(Table IV). 


Effect of Biliary Contrast Agents on Binding of Diazepam and 
Warfarin to Native Human Serum Albumin-Only a few specific 
binding sites exist on the human serum albumin molecule, which mediate 
the high-affinity binding of most strongly albumin-bound drugs (10). Two 
of the most important are the warfarin and diazepam binding sites (10). 
To determine to which site the contrast agents are bound, displacement 
of the two specific ligands, warfarin and diazepam, was studied by equi- 
librium dialysis (Table V). 


At  low concentrations (drug to protein ratio of -l), iopanoic acid 
preferentially bound to the diazepam site and iophenoxic acid bound to 
the warfarin site. At higher concentrations, both drugs seemed to bind 
to both binding sites. 


By contrast, even at higher concentrations, I did not interfere with the 
diazepam binding site, as was demonstrated by its failure to displace 
diazepam. The high potency in displacing warfarin, however, suggests 


I 


2.0 - 1.0 
r 


Figure 6-Scatchard plot of the binding of I to human serum albumin 
and modified albumin derivatives. The  albumin concentration was 36 
pM. Each point is the mean of three or four determinations. Key: 0, 
albumin; A, XIII-albumin; +, urea-albumin; and *, XII-albumin. 


that the high-affinity binding site of I might be identical with the warfarin 
binding site. 


Compounds VI and XI, which differ largely regarding their extrinsic 
Cotton effects in the presence of the modified albumin derivatives, 
seemed to bind to both sites. However, VI preferentially interacted with 
the diazepam site while XI had a higher affinity for the warfarin site, as 
suggested by their potencies in inhibiting the binding of diazepam and 
warfarin, respectively (Table V). 


DISCUSSION 


The binding of optically inactive small organic molecules to optically 
active macromolecules can induce optical activity into the ligand molecule 
so that, within the range of the UV or visible absorption spectra of the 
ligands, induced Cotton effects can be observed (11,12). Such induced 
circular dichroism spectra have proved to be extremely useful in gaining 
insight into the molecular mechanism of the interactions of drugs with 
serum albumins (7,8,11-13). 


The induced circular dichroism spectra of the investigated intravenous 
biliary contrast agents, as far as induced optical activity was observed, 
had one component in common: an induced band around 210 nm whose 
sign and intensity varied for the compounds. This band might be due to 
optical perturbations of electronic transitions in the triiodobenzoic acid 
moieties of the compounds, the only common structure of the investigated 
intravenous biliary contrast agents. However, the structural parameters 
leading to high induced optical activity of the intravenous contrast agents 
are not obvious since neither the degree of albumin binding (5) nor the 
length or lipophilicity of the aliphatic bridge between both triiodobenzoic 
acid moieties seemed to be the major determinant for high induced optical 
activity. 


In general, considering their extremely high binding to human serum 
albumin, the intravenous biliary contrast agents gave only weak extrinsic 
Cotton effects when bound to human serum albumin. This result and the 
failure to find any clear correlation between intensity of the extrinsic 
Cotton effects and their chemical structure may indicate that the complex 
between these compounds and human serum albumin lacks the structural 
specificity found for other drugs when bound to albumin (14-17). 


As was found for the intravenous biliary contrast agents, all oral biliary 
contrast agents had a common induced circular dichroism band around 
270 nm when bound to human or bovine serum albumin, possibly due to 
the triiodobenzene moiety of the drugs. With human serum albumin, the 
band intensity varied little for the oral compounds, suggesting a similar 
spatial relationship of their complexes with human serum albumin. For 
the binding of VI and XI to human serum albumin, their Cotton effects 
a t  270 nm had opposite signs, even though the only difference in their 
chemical structure was the introduction of an ethyl group in position 2 
of the propionic side chain (VI). This observation supports earlier findings 
on iophenoxic acid, indicating that the optical properties of the complexes 
of the oral hiliary contrast agents are extremely sensitive to even small 
changes of the ligand chemical structure (18). 


As already mentioned, the positive Cotton effects of XI seemed to be 
associated mainly with its high-affinity binding site, while the negative 
Cotton effects were induced at  all binding sites of XI. Accordingly, only 
negative Cotton effects were observed after tyrosine modification, pre- 
sumably induced at  the secondary binding sites. 


Previously it was shown that the lone tryptophan residue of human 
serum albumin is part of the warfarin binding site and can be selectively 
modified by XII-Br and XIII-Cl (a), while a highly reactive tyrosine res- 
idue, which can be nitrated selectively by low concentrations of XIV, is 
part of the indole and henzodiazepine binding site (7). Thus, the inter- 
action of drugs with both specific binding sites of human serum albumin 
can be studied indirectly by displacement of the marker ligands, di- 
azepam and warfarin, and directly by the binding of the drugs to the 
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modified albumin derivatives. 
The results obtained with I give some evidence that the single high- 


affinity binding site of the intravenous biliary contrast agents (5) might 
be identical with the warfarin binding site of human serum albumin. This 
conclusion can be made from the strong displacement of bound warfarin, 
the large reduction of the extrinsic Cotton effects of I bound to XII- 
albumin at  310 nm that are associated only with binding to the high- 
affinity binding site, and the large reduction of the association constant 
of the high-affinity binding site for XII-albumin or XIII-albumin. By 
contrast, binding of I to the diazepam binding site may be negligible, as 
shown by the lack of any displacement of human serum albumin-bound 
diazepam and by the small effects of the tyrosine modification on the 
binding parameters of I. 


With the oral biliary contrast agents, the specificity for one of the two 
sites of human serum albumin is not so pronounced. However, as revealed 
by their displacing potencies for diazepam and warfarin and their binding 
behavior for tyrosine- and tryptophan-modified albumin, VI is bound 
preferentially to the warfarin binding site but XI is bound to the di- 
azepam binding site. This observation is interesting considering the small 
difference in the chemical structures of these contrast agents. A similar 
observation was made for the structurally related oral biliary contrast 
agents, iopanoic and iophenoxic acids, which differ only by the substi- 
tution of a phenolic hydroxyl group in iophenoxic acid and by an amino 
group in iopanoic acid (18). The data support earlier observations that 
the high-affinity binding sites of both drugs are different (18,19); it seems 
that iophenoxic acid is bound preferentially to the warfarin site while 
iopanoic acid is bound preferentially to the diazepam binding site. 


The latter results indicate that it will be difficult to find common 
characteristics for drugs bound specifically to the warfarin binding site 
and for drugs bound specifically to the indole and benzodiazepine binding 
site since only small changes in the chemical structure of the ligands can 
have pronounced effects on the binding site selectivity of the drugs. 


In summary, the data clearly showed that the serum albumin binding 
of biliary contrast agents is quite unusual in respect to the structural 
parameters leading to strong binding to human and bovine serum albu- 
min. Furthermore, small variations of the chemical structure of the 
contrast agents can effect large changes in the binding site selectivity. 
The diazepam and the warfarin binding sites of human serum albumin 
(two important drug binding sites of the protein) are involved in the 
binding of the biliary contrast agents. Since many other drugs also are 
bound to these sites, the biliary contrast agents must be considered as 
potent displacers of many drugs in uiuo, especially with regard to their 
high plasma concentration in oivo (20,21). However, the short plasma 
half-life of the intravenous biliary contrast agents or the short use of the 
oral biliary contrast agents makes it unlikely that such displacements 
are clinically important. However, evidence is accumulating that the 
plasma protein binding of the biliary contrast agents is extremely im- 
portant for their distribution, hepatic uptake, and biliary and renal 


elimination (20-23). Therefore, exact knowledge about the mechanisms 
involved in the plasma protein binding of these drugs could be helpful 
for understanding the pharmacokinetics of the biliary contrast agents. 
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Abstract 0 Xanthan gum was adsorbed significantly by magnesium 
carbonate, aluminum hydroxide, zinc oxide, and calcium carbonate, 
giving Langmuir-type isotherms. Saturation adsorption was higher from 
0.9% NaCl than from water due to reduced mutual repulsion of polymer 
segments in the presence of the salt. Adsorption resulted from electro- 
static attraction between positively charged particles and the negatively 
charged polymer. {-Potential measurements correlated with the ad- 
sorption data but were not predictive of the flocculation state. The results 


indicate that flocculation of magnesium carbonate and aluminum hy- 
droxide by xanthan gum is consistent with a bridging mechanism. 


Keyphrases 0 Xanthan gum-interaction with magnesium carbonate, 
aluminum hydroxide, zinc oxide, and calcium carbonate Adsorp- 
tion-xanthan gum by suspended solids Flocculation-bridging 
mechanism, magnesium carbonate and aluminum hydroxide with xan- 
than gum 


Xanthan gum produces flocculation of pharmaceutical 
suspensions (1,2). Studies utilizing sedimentation volume, 
microscopy, and particle-size measurement showed that 


changes in interparticulate structure could be induced by 
the polymer (2). Flocculation was attributed to the joining 
of several particles by adsorbed polymer molecules, which 
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Abstract 0 A reversed-phase high-performance liquid chromatographic 
method for hydrocortisone cypionate bulk drug and oral solution was 
developed that avoids the use of a heated column as described in USP 
XX. A study of the effect of the organic modifier concentration on the 
capacity factor suggests that mixed partition and adsorption phenomena 
are responsible for the retention of several steroids when acetonitrile is 
used in the mobile phase. Evidence is presented that hydrogen bonding 
of the solute molecule with silane hydroxyl groups may be responsible 
for the adsorption. 


Keyphrases Hydrocortisone cypionate-high-performance liquid 
chromatographic analysis, bulk drug and oral solution, chromatographic 
behavior evaluated High-performance liquid chromatography- 
hydrocortisone cypionate in bulk and oral solution, chromatographic 
behavior evaluated Adsorption-effect of organic modifier on steroid 
retention, high-performance liquid chromatographic analysis of hydro- 
cortisone cypionate 


Hydrocortisone cypionatel (21-cyclopentylpropionyl 
ester of hydrocortisone, I) is described in USP XX (1) and 
is marketed as an oral suspension2. The compendia1 assay 
for potency requires a 1-m column packed with macro- 
particulate octadecylsilane and heated to 60". Under the 
conditions employed in this method [mobile phase of 25% 
(v/v) methanol in water], the analyte does not elute in a 
convenient time at  25". Although heating to 60" allows for 
an acceptable analysis time, it is inconvenient since a col- 
umn oven capable of accepting a 1-m column is neces- 
sary. 


A stability-indicating assay was developed that utilizes 
a microparticulate octadecylsilane column at  ambient 
temperatures. The chromatographic behavior of I along 
with other nonpolar steroids was examined. Evidence is 
provided that suggests that the separations are not gov- 
erned totally by partition mechanisms. 


BACKGROUND 


Hydrocortisone cypionate (I) is derived from the condensation of hy- 
drocortisone alcohol and a cyclopentylpropionic acid derivative. Con- 
sequently, hydrocortisone represents a potential process impurity. 
Furthermore, hydrocortisone is a potential degradation product arising 
from ester hydrolysis. The C-11 oxidation product, cortisone cypionate 
(111, is another potential degradation product. The conversion of 1 Ip-01s 
to 11-ones by air oxidation in the crystalline state first was observed in 
C-20-epimeric 1l~-hydroxy-17,20-acetonido-21-acetates (111) (2). 


In this study, it was observed that the 21-acetoxy group was necessary 
for air oxidation of the Ilp-01 since the corresponding 21-01 was stable. 
This phenomenon also was observed in samples of hydrocortisone 21- 
tert -butyrate, hydrocortisone 21-valerate, hydrocortisone 21-stearate, 
and hydrocortisone 21-cypionate (3). However, oxidation of the 11s-01 
was not observed or induced in aged samples (15-17 years old) of the 
21-pivalyl, acetyl, and propionyl esters of hydrocortisone. The crystalline 
steroid form played a major role in sensitivity to air oxidation. Conse- 
quently, a stability-indicating assay should distinguish between hydro- 


cortisone cypionate and its possible degradation products, hydrocortisone 
and cortisone cypionate. 


The retention of nonpolar steroids, such as I and 11, in reversed-phase 
high-performance liquid chromatographic (HPLC) systems generally 
is held to be due to the distribution of the analyte between the stationary 
and mobile phases. In such cases, the capacity factor, k' (also called the 
capacity ratio), is given by: 


(Eq. 1) 


where [XI, and [XI, represent the analyte concentration in the sta- 
tionary and mobile phases, respectively, and V, and V, are the total 
volumes of each phase in the column. This equation assumes ideal be- 
havior in dilute solutions and, hence, neglects activity coefficients. Sol- 
ubility parameter theory (4,5) states that the distribution of the analyte 
between the two phases is related to the Hildebrand solubility parameters 
of the analyte (6,), statiolary (b,), and mobile (6,) phases and to the total 
volume of the analyte (V,) as shown by: 


where R is the gas constant and T is the absolute temperature. 
The S values vary linearly with the solvent composition for binary 


solvent mixtures. Thus, the solubility parameter for the mobile phase 
can be expressed as: 


6, = 6,  + ( b b  - b a ) c  0%. 3) 


where 6. and bb are the solubility parameters of the two components of 
the solvent mixtures and C is the concentration (mole fraction) of solvent 
b in this mixture (solvent b is the stronger solvent in terms of eluting 
power). Substitution of Eq. 3 into Eq. 2 gives: 


By assuming that the term containing the C2 term can be ignored, a 
first-order approximation can be written as: 


k' = khlO-"c (Eq. 5 )  


where kb and n are constants that contain the terms V,, V m ,  vs, S,, b., 
S,, and 2.3RT(6). 


Equation 5 suggests that a plot of 1,og k' uersus C will be linear with a 
slope of -n and an intercept of log ko. This behavior was observed in a 
study of the elution of 2-ethyl-9,10-anthraquinone, chloronaphthalene, 
halogenated benzenes, fused-ring aromatics, and phthalate esters using 
methanol-water and dioxane-water mobile phases (7). 


EXPERIMENTAL 


Materials-Medroxyprogesterone acetate, hydrocortisone cypionate 
(I), hydrocortisone, hydrocortisone acetate, and methylprednisolone 
acetate were USP or NF quality. Cortisone cypionate (11) was generated 
in situ from an aged sample of I. Fractions of the eluate containing the 
I1 peak were collected and dried. Electron-impact mass spectrometry of 
the residue gave a molecular ion a t  m/z 484, consistent with that of 11. 
Methanol and acetonitrile were glass distilled3. Deionized water was used 
for all mobile phases. 


Mobile Phases-All mobile phases were prepared by measuring the 


Currently described as cortisol cypionate in * Fluid CORTEF, The Upjohn Co. 
USP xx. 
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Figure 1-Effect of the methanol concentration (percent volume to 
volume) in the mobile phase on the retention times of hydrocortisone 
cypionate (0) and medroxyprogesterone acetate (0). 


required quantity of the organic modifier in a 1-liter graduated cylinder 
followed by the addition of water to -95% of the final volume. The mix- 
tures then were allowed to equilibrate to room temperature before the 
final adjustment to volume was made. Degassing of the mobile phases 
was not necessary. To determine the mole fraction of the organic modifier 
in the mobile phase, water was added from a container of known volume 
so that volume changes due to mixing could be taken into account. 


lot 
L I I 1 1 


40 60 60 7 0  
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Figure 2-Effect of the acetonitrile concentration on the capacity 
factors for medroxyprogesterone acetate (a), hydrocortisone cypionate 
(O), and cortisone cypionate (0). 


Instrumentation-The HPLC system was described previously 
(8). 


Quantitative Procedure for I in Oral Suspensions-A volume of 
the suspension, equivalent to 12-15 mg of I, was transferred accurately 
to a suitable container. The internal standard solution (15.0 ml, 0.4 mg 
of medroxyprogesterone acetate in acetonitrile/ml) was added, and the 
solution was shaken for 90 min. The phases were allowed to separate, and 
25-pl aliquots of the clear supernate were chromatographed using a 
mobile phase of 50% (v/v) acetonitrile in water a t  a flow rate of -2.0 
ml/min. Samples of bulk drug were analyzed by mixing an accurately 
weighed quantity of drug (-15 mg) with 15.0 ml of the internal standard. 
Calculations are based on the measurement of the peak height ratios of 
a sample preparation to those of a standard preparation. 


RESULTS AND DISCUSSION 


The initial purpose of this study was to develop a stability-indicating 
method that did not require a 1-m column heated to 60'. A study of the 
retention times of medroxyprogesterone acetate and I as a function of 
the methanol concentration in the mobile phase (at ambient tempera- 
tures) is shown in Fig. 1. While adequate resolution of the internal 
standard (medroxyprogesterone acetate) and I could be achieved at 
methanol concentrations of 65-70% (v/v), I1 was not even partially re- 
solved from I until the methanol concentration was lowered to 50% (v/v). 
However, analysis times became prohibitively long with the micropar- 
ticulate (10 rm)  octadecylsilane' column (30 cm X 4 mm). At this point, 
methanol as an organic modifier was abandoned in favor of acetoni- 
trile. 


Acetonitrile gave adequate resolution of I, 11, and the internal standard 
at a 50% (v/v) concentration (the initial concentration examined). A more 


W c 
U 1 :  c 


6 10 16 
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Figure 3-Chromatographic tracing of hydrocortisone cypionate and 
cortisone cypionate showing the elution times of hydrocortisone and 
hydrocortisone acetate. Under these conditions, medroxyprogesterone 
acetate eluted a t  8.8 min. 


pBondapak GI*, Waters Associates, Milford, Mass. 
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Table I-Linear Regression Data for Plot of log k‘ versus log C for Medroxyprogesterone Acetate, Hydrocortisone Cypionate (I), and 
Cortisone Cypionate (11) - 


Comoound 


Concentration of Acetonitrile in Mobile Phase 


SloDe InterceDt Correlation Coefficient Slope Intercept Correlation Coefficient 
Percent (Volime to volume) Mole Fraction 


Medroxyprogesterone acetate -4.08 8.00 0.9981 -2.60 -0.489 0.9986 
I -5.40 10.47 0.9985 -3.44 -0.780 0.9948 


I1 -5.56 10.82 0.9991 -3.55 -0.763 0.9981 


complete study on the effect of the acetonitrile concentration indicated 
that adequate separations and reasonable retention times could be 
achieved between 45 and 55% (v/v) (Fig. 2). For example, under the final 
analytical conditions chosen (50% acetonitrile-water), I1 eluted within 
20 min (Fig. 3). A plot of log k’ uersus acetonitrile concentration (percent 
volume to volume) shows nonlinear behavior (Fig. 4). Equation 5 predicts 
that this plot should be linear. A similar plot using mole fraction on the 
x-axis displayed the same behavior. The data then were plotted in a 
log-log fashion. Excellent linearity was achieved (Table I) for acetonitrile 
expressed both as percent (volume to volume) and mole fraction. The 
same linear correlation of log k’ versus C was obtained on two different 
columns from the same manufacturer. 


To characterize further the correlations observed, a similar study was 
performed on three more polar steroids: hydrocortisone, hydrocortisone 
acetate, and methylprednisolone acetate. The plot of log k’ uersus ace- 
tonitrile concentration (percent volume to volume) in the mobile phase 
for these three steroids is shown in Fig. 5. Once again, distinct curvature 
is observed whereas the data plotted as log k’ versus log C give an excel- 
lent linear fit (Table 11). These data suggest mechanisms other than re- 
tention by partitioning between the two phases. 


A study using methanol as the organic modifier was performed to make 
sure that the observed behavior was not an artifact of the columns. In this 
case, excellent correlations of log k’ uersus methanol concentration 
(percent volume to volume) were obtained (Fig. 6 and Table 111). This 
behavior is as predicted by Eq. 5. 


The behavior observed for acetonitrile is similar to many instances 
observed for adsorption chromatography. In adsorption chromatography, 
the distribution coefficient in a binary solvent system has been described 
as: 


log Dab = log Do -I- ~ A , ( C :  - &) 0%. 6) 


where Dab is the distribution coefficient in the binary solvent system, D. 
is the distribution coefficient in a single solvent system a ,  (Y is a measure 
of the adsorbent activity, A, is the molecular area of the adsorbed sample 
molecule on the adsorbent surface, and co is the solvent strength pa- 
rameter describing the influence of the solvent on adsorption (9). The 
term co is independent of the nature of the adsorbent and the sample. 
Solvent b is assumed to be a much stronger eluent than a (c! > ct). 


Equation 6 was manipulated and simplifed to give: 


k’ = kbC-n (Eq. 7) 


where k‘ is the capacity factor in the binary solvent system, kb is the ca- 


Table 11-Linear Regression Data for Plot of log k’ versus log 
Ce for Hydrocortisone, Hydrocortisone Acetate, and 
Methylprednisolone Acetate 


Correlation 
Compound Slope Intercept Coefficient 


Hydrocortisone -2.73 4.50 0.9984 
Hydrocortisone acetate -3.53 6.23 0.9993 
MethvlDrednisolone acetate -4.05 7.20 0.9995 


Concentration of acetonitrile in the mobile phase (percent volume to 
volume). 


Table 111-Linear Regression Data for Plot of log k’ versus Ce 
for Hydrocortisone, Hydrocortisone Acetate, and 
Methylprednisolone Acetate 


~ 


Correlation 
Compound Slope Intercept Coefficient 


Hydrocortisone -0.047 2.79 0.9982 
Hydrocortisone acetate -0.057 3.31 0.9997 
Methylprednisolone acetate -0.054 3.71 0.9987 


0 Concentration of methanol in the mobile phase (percent volume to volume). 


pacity factor in solvent system b, and n is AJnb (nb is the effective mo- 
lecular area of an adsorbed solvent molecule b). The relationship ex- 
pressed in Eq. 7 was verified for lumisterol, tachysterol, calciferol, and 
ergosterol on Lichrosorb ALOX T with n-propanol-n-heptane mobile 
phases (10); indole alkaloids on silica with methylene chloride-diethyl- 
amine, chloroform-methanol, n-hexane-tetrahydrofuran, and tetrahy- 
drofuran-methanol mobile phases (11); and steroids on silica with mobile 
phases consisting of 21 different binary mixtures (12). 


The data presented in this paper suggest that the separation of steroids 
on certain microparticulate octadecylsilanes may not be due entirely to 
partitioning mechanisms and that adsorption phenomena may play a role. 
If so, adsorption phenomena would influence the degree of resolution 
obtained from such columns with differing carbon coverages of the silica 
surface. Therefore, different methods of bonding alkyl chains to the 
surface may give different chromatographic behavior for the same ana- 
lytes with the same mobile phase when columns from different manu- 
facturers are used. Thus, it is expected that the behavior observed in this 
study may not be found with columns that have a higher percentage of 
the silanol sites derivatized. The observed behavior is probably typical 
of column materials with a low carbon load (<lo%). 


The facile separation of I and I1 in mobile phases containing acetoni- 
trile can be rationalized by considering an adsorption phenomenon. In 
some bonded octadecylsilane columns, only a small percentage of the 
silane hydroxyl groups on the particle surface are bonded covalently to 
the octadecylsilane group. Consequently, there may be numerous free 
silanol groups that can interact by hydrogen bonding with the mobile 
phase and analytes. In methanol-water mobile phases, all solvent mol- 
ecules have the capacity for hydrogen bonding both as donors and ac- 
ceptors. Thus, it is expected that interaction of the analyte molecules with 
the hydroxyl group is essentially swamped by the interaction of the mo- 
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Figure 4-Relationship of log k‘ (capacity factor) and acetonitrile 
concentration for the steroids described in Fig. 2. 
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Figure 5-Relationship of log k’ and acetonitrile concentration for 
hydrocortisone (O), hydrocortisone acetate (A), and methylpredniso- 
lone acetate (0). 


bile phase and these hydroxyl groups. Consequently, with methanol- 
water mobile phases, retention by adsorption mechanisms should not 
be evident. This behavior was confirmed for hydrocortisone, hydrocor- 
tisone acetate, and methylprednisolone (Fig. 7). 


On the other hand, acetonitrile is an aprotic solvent and does not 
participate in hydrogen bonding. At high acetonitrile concentrations, a 
solvent environment can be created such that hydrogen bonding of the 
analytes with the silane hydroxyl groups will not be overcome by inter- 
actions with the so1;ents. This is apparently the case for I and I1 in the 
mobile phases that contain high concentrations of acetonitrile (in water). 
In Fig. 4, the curvature is more distinct a t  higher acetonitrile concen- 
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Figure 6-Relationship of log k’ and the methanol concentration for 
the steroids described in Fig. 5. 
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Figure 7-Chromatographic tracing of typical sample preparation 
obtained from the oral suspension. 


trations. Interaction of both I and I1 with the silane hydroxyl groups favor 
their separation since I contains a hydroxyl group at the 11-position while 
I1 possesses a keto group at the 11-position. While the 11-hydroxyl group 
of I can act as a hydrogen bond acceptor, it is expected that the carbonyl 
oxygen of the 11-keto group of I1 may be a stronger hydrogen bond ac- 
ceptor because of the partial polarization of the carbonyl double bond. 
Thus, the greater retention of I1 in acetonitrile-water mixtures is rea- 
sonable based on these considerations. 


To develop and validate an analytical method for I, a mobile phase of 
50% (v/v) acetonitrile in water was chosen. This mobile phase gave ade- 
quate resolution of the analyte, internal standard, potential impurities, 
and degradation products within a reasonable time (Fig. 3). The un- 
identified product was present only in the aged sample of I and would 
not interfere with the internal standard peak that eluted at 9 min. 


A chromatographic tracing of a typical sample preparation is shown 
in Fig. 7. The excipient peaks eluted early and did not interfere. Recovery 
from a spiked placebo was excellent (Table IV). The spiking levels ranged 
from 68 to 131% of the labeled amount of I. Replicate analyses of a single 
lot of oral suspension gave a mean value of 13.3 mg/5 ml with a relative 
standard deviation of 0.6% (n = 6). Several lots of an aged product (>5 
years pld) were assayed and were in good agreement with theory (97- 
101%). Cortisone cypionate was not detected in any sample (detection 
limit of 0.3%), indicating that conversion by oxidation does not occur in 
an aqueous environment. 


Table IV-Recovery of Hydrocortisone Cypionate (I) from 
Spiked Placebo 


Amount Added, mg/5 ml Amount Found, mg/5 ml Recovery, % 


9.05 
10.39 
13.52 
15.11 
17.57 
Mean 


~ 


9.11 
10.39 
13.50 
15.03 
17.42 


100.7 
100.0 
99.8 
99.5 
99.1 
99.8 
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This method was applied to bulk drug samples, giving a relative 
standard deviation of <0.4% ( n  = 5). 


In summary, the method presented here is rapid, stability indicating, 
precise, and accurate, and it is experimentally simpler than current 
compendia1 assays. 
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Abstract 0 The degradation of methylprednisolone 21-succinate in 
aqueous solution was examined as a function of pH at 25’ by monitoring 
the initial rates of product formation. In addition to hydrolysis, acyl 
migration from the 21-hydroxyl group to the 17-hydroxyl group was found 
to be an important reaction. The 17-succinate was isolated, and its de- 
composition to the 21-succinate was followed by the initial rate method. 
Direct hydrolysis of the 17-ester was much slower than the 17 - 21 acyl 
migration under alkaline conditions. From the rate constants for the 
forward and reverse acyl migration, it may be concluded that the 21-ester 
is thermodynamically more stable, even though its alkaline hydrolysis 
is faster. The hydrolysis of the 21-ester and the reversible rearrangement 
are subject to intramolecular catalysis by the terminal carboxyl group, 
for which a kinetic pKa value of 4.54.6 was estimated. 


Keyphrases 0 Methylprednisolone-17- and 21-succinates, hydrolysis 
and acyl migration, initial rate studies Hydrolysis-methylpredniso- 
lone 17- and 2l-succinates, initial rate studies Degradation- 
methylprednisolone 17- and 2l-succinates, hydrolysis and acyl migration, 
initial rate studies 


Methylprednisolone 21-succinate (sodium salt1) is a 
soluble prodrug of methylprednisolone used as an injec- 
table corticoid in acute hypersensitivity and dermatolog- 
ical conditions. Solubilization is achieved through the use 
of the ionizable hemisuccinate moiety, which is cleaved in 
viva to release the active parent compound. 


Previous studies of the kinetic behavior of this com- 
pound and similar compounds in aqueous solution gen- 
erally focused on the hydrolytic cleavage of the ester 
linkage. Hydrolysis usually is regarded as the major deg- 
radation pathway of 21-steroid esters (1-3), followed by 
further decomposition via several routes (2,4,5). These 
kinetic studies were based on the results of nonspecific 
analytical methods such as the consumption of base (1) or 


Solu-Medrol (methylprednisolone sodium succinate), The Upjohn Co. 


extraction coupled with the blue tetrazolium assay (2) for 
measuring reaction rates. 


In this study, the kinetics of methylprednisolone 21- 
hemisuccinate degradation were reexamined using a highly 
sensitive and specific high-performance liquid chroma- 
tographic (HPLC) technique. By monitoring the initial 
rates of product formation, data could be obtained easily 
a t  room temperature ( 2 5 O )  and at pH values where the 
reactions are quite slow. As a result of the improved ana- 
lytical methodology, the role of acyl migration in the 
aqueous solution degradation of this steroid 21-ester and 
the isomeric 17-ester could be explored in addition to the 
hydrolysis reaction. 


EXPERIMENTAL 


HPLC Analysis-A modular high-performance liquid chromato- 
graphic system consisting of an automated sample injector2, a con- 
stant-flow pump3 operated at  0.9-1.4 ml/min, a reversed-phase column4 
packed with 10-pm Lichrosorb RP-185, a variable-wavelength UV de- 
tector6 operated at 248 nm, and a digital integrator7 was used for all ki- 
netic studies. The mobile phase contained 33% acetonitriles and 67% 
water buffered at pH 5.2-5.4 with 0.05 M acetate buffer. 


Under these chromatographic conditions, methylprednisolone 17- 
hemisuccinate was eluted first, followed by methylprednisolone and then 
by methylprednisolone 21-hemisuccinate. As will be discussed later, the 
retention times of the esters changed dramatically with small changes 
in the pH. Detector response, measured either as the peak area or peak 
height, was linear for all solution components over the concentration 
range of interest. 


2 Wisp model 7IOA, Waters Associates, Milford, Mass. 
3 Model llOA, Altex Scientific, Berkeley, Calif. 
4 Brownlee Laboratories, Berkeley, Calif. 
5 E. Merck, Darmstadt, West Germany. 
6 Altexmitachi model 153-00, Altex Scientific, Berkeiey, Calif. 
7 Model 3380A, Hewlett-Packard, Avondale, Pa. 
8 Burdick & Jackson Laboratories, Muskegon, Mich. 


0022-354918 110200-0781$0 1.00/0 
@ 198 1, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 181 
Vol. 70, No. 2, February 1981 








the obese and physiological and pathological factors that influence drug 
response. A section on correlating clinical response with drug disposition 
has been added. There also is a new chapter on bioavailability and bio- 


mulation will require access to this series, However, anyone involved in 
formulation development or evaluation will also find this series to be of 
great value. It deserves to be the definitive reference for academic use. 


equivalence. 
Definitions are presented as a glossary in the first chapter. The pro- 


ce88e8 of liberation, absorption, distribution, metabolism, and elimination 
are described in Chapter 2. Histological features of organs and cell 
membranes and drug-receptor interactions are considered in Chapters 
3-5. 


Absorption mechanisms (Chapter 6), physicochemical principles, in- 
cluding pKa values and partition coefficients (Chapters 7-9), and a 
physiological discussion of the GI tract and the circulatory system 
(Chapters 10 and 11) are presented. 


Protein binding (Chapter 12), drug metabolism (Chapter 131, and drug 
elimination (Chapter 14) are mentioned, and drug reabsorption in the 
kidneys and biliary recycling are presented in Chapter 15. 


The next section of the book (Chapters 16-26) deals with mathematical 
descriptions of various compartmental models. Included are one- and 
two-compartment models with intravenous and oral dosing. The deter- 
mination of rate constants by noncomputer techniques is included with 
a discussion of volumes of distribution. Concentrations after single and 
multiple doses are calculated. Methods for calculating and using the area 
under the curve and urine data are presented. Dosage adjustment for 
children, elderly, and obese patients are presented, as are methods used 
to calculate dosage regimens for desired results. 


The final chapters of the book (Chapters 27-31) deal with the effect 
of physiological factors on drug response and disposition, nonlinear 
pharmacokinetics, curve fitting, clinical response correlations with dis- 
position, and bioavailability and bioequivalence. The appendix gives 14 
pages of pharmacokinetic information for various drugs. 


This book covers many of the topics discussed in an undergraduate 
biopharmaceutics course and of interest to a clinical pharmacist. Each 
topic is covered briefly but comprehensively. Both students and prac- 
ticing pharmacists should find this book to be a very useful aid in un- 
derstanding and using pharmacokinetic principles. 


Reviewed by David Bourne 
Diuision of Pharmaceutics and 


Pharmaceutical Analysis 
University of Kentucky 
Lexington, KY 40506 


Pharmaceutical Dosage Forms: Tablets Vol. 1. Edited by HERBERT 
A. LIEBERMAN and LEON LACHMAN. Dekker, 270 Madison Ave., 
New York, NY 10016. 1980. 490 pp. 18 X 25.5 cm. Price $59.75. (A 
special introductory price of $29.75 is available on orders of five or more 
copies in the United States and Canada.) 
This book is the first in a three-volume treatise designed to examine 


in detail all phases of tablet technology, from initial development to final 
quality assurance. In the first volume, each chapter develops from an 
introduction through to the present pharmaceutical practice. Fourteen 
authors contributed to this first volume of eight chapters, and they, along 
with those listed for the other two volumes, represent an illustrious se- 
lection of experts in this area. 


Chapter I, entitled Preformulating Testing, is an excellent review of 
all the physical pharmacy testing necessary to characterize a new drug 
substance. Three excellent case studies are presented. The second 
chapter, entitled Tablet Formulation and Design, demonstrates how a 
suitable drug formulation should be developed based on available pre- 
formulation knowledge. Compressed Tablets comprises Chapter 111 in 
which each unit process step is reviewed, and the advantages and dis- 
advantages of the techniques and excipients available are discussed in 
detail. 


The final five chapters are entitled Compression-Coated and Layer 
Tablets; Effervescent Tablets; Special Tablets: Sublingual and Buccal 
Tablets; Chewable Tablets; and Medicated Lozenges. For each, the 
processing steps and alternatives are reviewed along with details of typical 
formulations. 


The remaining two volumes promise to discuss each unit process in 
detail. Each chapter in Volume 1 is, however, complete within itself. 
When publication is completed, this series will be considered as the de- 
finitive state of the art. If, as the title implies, further volumes on capsules, 
liquids, and semisolids follow, this series will become the encyclopedia 
of pharmaceutical technology. Anyone actively involved in tablet for- 


Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Drug Level Monitoring-Analytical Techniques, Metabolism, and 
Pharmacokinetics. By WOLFGANG SADfiE and GEERTRUIDA 
C. M. BEELEN. Wiley, 605 Third Ave., New York, NY 10016.495 pp. 
15 X 23 cm. Price $35.00. 
This book is divided into essentially two parts. The first part consists 


of brief, generalized chapters on drug metabolism, pharmacokinetics, 
clinical pharmacokinetics and therapeutic drug level monitoring, and 
analytical techniques. Of these four chapters, the work on analytical 
techniques is the most extensive. 


The second section consists of drug monographs for 102 drugs which 
were chosen on the basis of being currently measured in clinical phar- 
macokinetic laboratories, being representative of a class of chemical or 
pharmacological agents, and/or belonging to the following major classes: 
antimicrobials, anticancer drugs, antiepileptics, cardiovascular drugs, 
psychotropic drugs, analgesics, and drugs of abuse. Each monograph 
contains a brief description of the therapeutic and toxic concentration 
ranges, metabolism, analogous compounds, and analytical techniques. 
The last section of each monograph briefly describes the various ana- 
lytical methods (with pertinent references) that have been employed. 
References in this section are current to 1978. However, an addendum 
at  the end of the book updates the references through October 1979. 


The chapters that appear in the first part of this book are far too brief 
and cursory to be of value to anyone unfamiliar with the given area. Two 
pages on the topic of pharmacokinetics is hardly worth the effort. In 
addition, the treatment of the various analytical techniques is quite un- 
balanced. Spectroscopic methods such as UV and visible spectroscopy, 
colorimetry, and fluorescence are given as much coverage as high-per- 
formance liquid chromatography, although the latter method is of much 
greater utility in monitoring blood levels of drugs. Greater coverage of 
the more important methods at  the expense of the less important ones 
might have been a better approach. 


The section containing drug monographs provides a wealth of infor- 
mation and important references. In most cases, some details are given 
on the most suitable methods. 


Despite the shortcomings of the initial chapters, this book will be 
valuable to anyone engaged in drug level monitoring. Since the book 
provides a good survey of the pertinent literature, it can serve as an ex- 
cellent starting point in searching for the best assay for a given drug level 
monitoring project. 


Reviewed by James W. Munson 
The Upjohn Company 
Kalamatoo. MI 49001 


Clinical Pharmacology, 24th ed. Edited by RONALD H. GIRWOOD. 
Macmillan, 866 Third Ave., New York, NY 10022.1980.608 pp. 15 X 
23 cm. Price $29.95. 
First published in 1884 in Great Britain, Clinical Pharmacology ap- 


pears to be designed to acquaint medical and paramedical professionals 
with a relatively complete compilation of currently used drugs. Following 
two chapters devoted to discussions of Mechanisms Involved in Drug 
Action and Adverse Drug Reactions are 16 additional chapters that ad- 
dress antimicrobials, analgesics, autonomic and CNS drugs, cardiovas- 
cular drugs, drugs affecting the respiratory system, drugs affecting the 
alimentary system, drugs acting on the kidney, endocrine drugs, vitamins, 
hematinica, anticoagulants, cancer chemotherapy, heavy metals, and drug 
treatment of skin disorders. Chapter 19, An International Guide to 
Proprietary Names, provides a cross-listing of generic names from the 
trade names of drugs marketed both in Europe and the United States. 


Written by one of the six contributing authors, each chapter introduces 
the drug category, describes the physical or chemical characteristics of 
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modified albumin derivatives. 
The results obtained with I give some evidence that the single high- 


affinity binding site of the intravenous biliary contrast agents (5) might 
be identical with the warfarin binding site of human serum albumin. This 
conclusion can be made from the strong displacement of bound warfarin, 
the large reduction of the extrinsic Cotton effects of I bound to XII- 
albumin at  310 nm that are associated only with binding to the high- 
affinity binding site, and the large reduction of the association constant 
of the high-affinity binding site for XII-albumin or XIII-albumin. By 
contrast, binding of I to the diazepam binding site may be negligible, as 
shown by the lack of any displacement of human serum albumin-bound 
diazepam and by the small effects of the tyrosine modification on the 
binding parameters of I. 


With the oral biliary contrast agents, the specificity for one of the two 
sites of human serum albumin is not so pronounced. However, as revealed 
by their displacing potencies for diazepam and warfarin and their binding 
behavior for tyrosine- and tryptophan-modified albumin, VI is bound 
preferentially to the warfarin binding site but XI is bound to the di- 
azepam binding site. This observation is interesting considering the small 
difference in the chemical structures of these contrast agents. A similar 
observation was made for the structurally related oral biliary contrast 
agents, iopanoic and iophenoxic acids, which differ only by the substi- 
tution of a phenolic hydroxyl group in iophenoxic acid and by an amino 
group in iopanoic acid (18). The data support earlier observations that 
the high-affinity binding sites of both drugs are different (18,19); it seems 
that iophenoxic acid is bound preferentially to the warfarin site while 
iopanoic acid is bound preferentially to the diazepam binding site. 


The latter results indicate that it will be difficult to find common 
characteristics for drugs bound specifically to the warfarin binding site 
and for drugs bound specifically to the indole and benzodiazepine binding 
site since only small changes in the chemical structure of the ligands can 
have pronounced effects on the binding site selectivity of the drugs. 


In summary, the data clearly showed that the serum albumin binding 
of biliary contrast agents is quite unusual in respect to the structural 
parameters leading to strong binding to human and bovine serum albu- 
min. Furthermore, small variations of the chemical structure of the 
contrast agents can effect large changes in the binding site selectivity. 
The diazepam and the warfarin binding sites of human serum albumin 
(two important drug binding sites of the protein) are involved in the 
binding of the biliary contrast agents. Since many other drugs also are 
bound to these sites, the biliary contrast agents must be considered as 
potent displacers of many drugs in uiuo, especially with regard to their 
high plasma concentration in oivo (20,21). However, the short plasma 
half-life of the intravenous biliary contrast agents or the short use of the 
oral biliary contrast agents makes it unlikely that such displacements 
are clinically important. However, evidence is accumulating that the 
plasma protein binding of the biliary contrast agents is extremely im- 
portant for their distribution, hepatic uptake, and biliary and renal 


elimination (20-23). Therefore, exact knowledge about the mechanisms 
involved in the plasma protein binding of these drugs could be helpful 
for understanding the pharmacokinetics of the biliary contrast agents. 
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Abstract 0 Xanthan gum was adsorbed significantly by magnesium 
carbonate, aluminum hydroxide, zinc oxide, and calcium carbonate, 
giving Langmuir-type isotherms. Saturation adsorption was higher from 
0.9% NaCl than from water due to reduced mutual repulsion of polymer 
segments in the presence of the salt. Adsorption resulted from electro- 
static attraction between positively charged particles and the negatively 
charged polymer. {-Potential measurements correlated with the ad- 
sorption data but were not predictive of the flocculation state. The results 


indicate that flocculation of magnesium carbonate and aluminum hy- 
droxide by xanthan gum is consistent with a bridging mechanism. 


Keyphrases 0 Xanthan gum-interaction with magnesium carbonate, 
aluminum hydroxide, zinc oxide, and calcium carbonate Adsorp- 
tion-xanthan gum by suspended solids Flocculation-bridging 
mechanism, magnesium carbonate and aluminum hydroxide with xan- 
than gum 


Xanthan gum produces flocculation of pharmaceutical 
suspensions (1,2). Studies utilizing sedimentation volume, 
microscopy, and particle-size measurement showed that 


changes in interparticulate structure could be induced by 
the polymer (2). Flocculation was attributed to the joining 
of several particles by adsorbed polymer molecules, which 
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Figure 1-Adsorption isotherm of xanthan gum from water onto 
magnesium carbonate. Key: 0 ,  values calculated with Eq. 2; and 0, 
experimental values. 


are incorporated into the network of aggregated particles 
(1). Polymer adsorption is an essential feature of this 
flocculation mechanism. Microelectrophoretic measure- 
ments demonstrated that polymeric flocculants were ad- 
sorbed by suspended colloidal particles (3). In the presence 
of excess flocculant, the {-potential of several materials was 
controlled by the surface properties of the flocculant and 
was independent of the nature of the material. Electro- 
static attraction often is involved in adsorption (4), but 
both adsorption and flocculation can occur if the polymer 
and particle surface carry the same charge, provided that 
the [-potential of the particle is not too high (5). In some 
systems, a given polymer functions as both flocculant and 
deflocculant, depending on its concentration at the particle 
surface (6). 


This study investigated the adsorption of xanthan gum 
by the solids whose suspension properties were reported 
previously (2). Adsorption is a prerequisite for flocculation 
by bridging, and these data are required to decide whether 
bridging is the mechanism of flocculation by xanthan gum, 
as was suggested (1). 


EXPERIMENTAL 


Materials-Xanthan gum, dried aluminum hydroxide gel, magnesium 
carbonate, calcium carbonate, and zinc oxide were the same materials 
used in a previous study (2). Silica' was 8&100 mesh. Water was distilled. 
All other materials were USP or reagent grade. 


Preparation of Suspensions-The procedure used was described 
previously (2). 


Polymer Analysis-Polymer samples were analyzed for the concen- 
tration of xanthan gum by the Seliwanoff reaction. This method is valid 
for systems where xanthan gum is the only carbohydrate present. 


MCB. 
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C, mgllOO ml 
Figure 2-Adsorption isotherm of xanthangum from 0.9% NaCl onto 
magnesium curbonate. Key: 0 ,  theoretical values calculated with Eq. 
2; and 0, experimental values. 


A 1-ml sample of polymer solution (containing 5-250 ppm of xanthan 
gum) was pipetted into a 10-ml screw-capped culture tube. Then 1 ml 
of a 4% resorcinol solution in distilled water (prepared fresh daily) was 
added, followed by 6 ml of concentrated sulfuric acid. The acid was added 
rapidly, and the tube was mixed with a vortex mixer. Heat and gas were 
evolved in most cases. The tubes then were placed in an ice water bath 
for -5 min until cooled to near room temperature and then were allowed 
to stand a t  room temperature for 10-25 min. The concentrations were 
determined spectrophotometrically at 494 nm within -1 hr of preparation 
(7,8). The absorbance of the samples was read in 1-cm silica cells on a 
spectrophotometer2. 


Reagent and polymer blanks were run with each analysis. The Beer's 
law plot in water and 0.9% NaCl was linear throughout the concentration 
range of interest ( y  = 50.8~ - 0.10 and y = 45.9~ + 0.0085, respectively, 
for concentrations of 0.005-0.03%). 


Adsorption Determinations-The amount of polymer adsorbed was 
determined indirectly from the difference between the initial polymer 
concentration and the amount found at equilibrium upon analysis of the 
supernate after drug addition. Kinetic studies indicated that 3-7 days 
was required for equilibrium. 


Flasks containing the suspensions were placed in a shaker bath3 at  25 
f lo. Agitation was at  a level sufficient to maintain the bulk of the pow- 
ders in suspension in all samples. After 7 days, the samples were removed 
from the shakers, and 1-ml aliquots were withdrawn and diluted, if nec- 
essary, for analysis. 


When the supernate was not clear, it was decanted from the settled 
fraction and centrifuged4 at  2000 rpm for 20 min. 


{-Potential-The {-potential of the suspensions was measured by 
electrophoresis6. All samples were diluted with distilled water prior to 
the measurement of the electrophoretic mobility. {-Potentials were 
calculated by the Helmholtz-Smoluchowski formula (9): 


(Eq. 1) 


where ve is the electrophoretic mobility of the particle, 9 is the viscosity, 
and c is the dielectric constant of the suspending medium. 


Gilford model 222. 
Gyrotary model G-76, New Brunswick Scientific, New Brunswick, N.J. 


Zeta Meter, Inc., New York, 8Y. ' Damon International centrifu e model CU-5OOO. 
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Figure 3-Linearized Langmuir plot of xanthan gum from water onto 
magnesium carbonate. Key: 0 ,  theoretical values calculated with Eq. 
3; and 0, experimental values. 


Surface Tension-Surface tensions of the xanthan solutions were 
determined using the Wilhelmy plate method. A roughened platinum 
plate was employed, and double-distilled water was used as a stan- 
dard. 


RESULTS AND DISCUSSION 


Surface Tensions-At concentrations up to 0.3%, xanthan gum 
lowered the surface tension of water or 0.9% NaCl by no more than 3 
dyneslcm. Thus, this polymer exhibited little surface activity in aqueous 
solution. 


Adsorption Isotherms-Isotherms for xanthan gum adsorption by 
magnesium carbonate from solution in water and 0.9% NaCl are plotted 
in Figs. 1 and 2, respectively. The isotherms appear to be the Langmuir 
type, represented by: 


Y = Y,bC/( l  + bC) (Eq. 2) 


where Y is amount adsorbed (in milligrams per gram), Y ,  is the amount 
adsorbed at saturation of the solid surface, C is the equilibrium polymer 
concentration, and b is a constant. Taking the reciprocal and multiplying 
through by C yield: 


CIY = 11Ymb + CIYm (Eq. 3) 


This equation is recognizable as the equation of a line with a slope of 1/Y, 
and intercept l /Ymb.  


The adsorption data are plotted according to Eq. 3 in Figs. 3 and 4. The 
curves are linear; correlation coefficients were significant at the 95% 
confidence level. 


Figures 1-4 were typical of all isotherms. Equation 3 was used to de- 
termine the parameters of the isotherms (Tables I and 11). For each solid, 
the saturation adsorption, Ym,  from the salt solution (Table 11) was 
greater than that from water (Table I). The amount of polymer that can 
be accommodated at  a saturated surface depends on the available surface 
area and the area required for each polymer unit. When polymer segments 
are charged, as xanthan gum is, mutual repulsion prevents close approach 
of the segments to each other. Polymer-polymer repulsion is reduced in 
the presence of 0.9% NaCl, permitting closer packing of the polymer 
segments at the solid-liquid interface, thereby reducing the average area 
occupied by each polymer unit and raising the Y ,  value. 


Adsorption alone is insufficient to define a flocculation mechanism. 
The essential question is whether adsorption is extensive enough in the 
suspensions to make bridging possible. The adsorption isotherms rep- 
resent a plot of adsorption versus the equilibrium polymer concentra- 
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Figure 4-Linearized Langmuirplot of xanthan gum from 0.9% NaCl 
onto magnesium carbonate. Key: 0 ,  theoretical values calculated with 
Eq. 3; and 0, experimental values. 


tions. The total amount of polymer in the system is the sum of the amount 
adsorbed and the amount remaining in solution: 


total polymer = Y A  t VC (Eq. 4) 


where A is the amount of adsorbent present (in grams) and V is the vol- 
ume of liquid in contact with the adsorbent. Half-coverage at  the solid- 
liquid interface (i.e.,  Y = '/zYm) is taken to represent sufficiently ex- 
tensive adsorption for bridging (10).  


Previous studies on suspensions containing the same solid drugs con- 
tained 5 g of solid (except for the calcium carbonate suspension, which 
used 10 g of solid) and 30-200 mg of xanthan gum in 100 ml of suspension 
medium (2). The adsorption isotherms and Eq. 4 were used to calculate 
the amount of xanthan gum at half-coverage in those systems (Table 111). 
The amount required was 23-81 mg, and these values fell within the range 
of xanthan gum amounts that were actually utilized. Thus, it may be 
concluded that adsorption is extensive enough to allow flocculation by 
polymer bridging. 


Table I-Adsorption of Xanthan Gum from Water at 25" 


Intercept 
of Linearized 


Substance Y,, mg/g Plot, g1100 mi* r 


Magnesium carbonate 6.67 1.6 0.972 
Aluminum hydroxide 16.6 1.1 0.944 
Calcium carbonate 3.59 4.8 0.961 
Zinc oxide 4.55 2.7 0.964 


According to Eq. 3. 


Table 11-Adsorption of Xanthan Gum from 0.9% NaCl Solution 
at 25" 


Intercept 
of Linearized 


Substance Y,,  mglg Plot, g1100 ml* r 


Magnesium carbonate 9.83 1.8 0.949 
Aluminum hydroxide 22.6 1.1 0.972 
Calcium carbonate 11.1 2.3 0.947 
Zinc oxide 7.30 2.9 0.949 


According to Eq. 3. 
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Table 111-Total Amount of Xanthan Gum in Pharmaceutical 
Suspension at Half-Coverage 


Total Xanthan Gum, mg 
Substance Water 0.9% NaCl 


40 “P 
Magnesium carbonate” 27 43 
Aluminum hydroxidea 60 81 
Calcium carbonateb 35 81 
Zinc oxide“ 23 39 


Using 5 g + 100 ml of suspension medium. * Using 10 g + 100 ml of suspension 


Desorption-Several samples that had reached adsorption equilib- 
rium were centrifuged to separate solid material from the liquid phase. 
Fifty milliliters of the liquid medium was replaced with medium con- 
taining no xanthan gum and then agitated for 7 days in the shaker bath. 
When the samples were reanalyzed, the xanthan gum concentration in 
solution did not exceed half its value prior to dilution. This finding in- 
dicated that the adsorbed polymer molecules were not desorbed upon 
dilution. 


{-Potential and Surface Charge-The zero point of charge is the 
condition when the charge at a solid interface is zero. For solids dispersed 
in water, pH values may be used as an indication of the surface charge, 
provided that hydrogen or hydroxyl ions arb potential-determining ions. 
This appears to be the case for oxides, hydroxides, and carbonates in 
aqueous systems (11-14). 


A slightly soluble hydroxide like aluminum hydroxide has a positive 
surface charge below the pH of the zero point of charge due to the dis- 
sociation of amphoteric surface hydroxide groups and the adsorption from 
solution of metal-hydroxo complexes (11). The surface potential of cal- 
cium carbonate is due to the hydrolysis or adsorption of surface ions or 
complexes. The hydroxide ion is dominant (13). At pH below the point 
of zero charge, the surface potential of zinc oxide is expected to be dom- 
inated by the Zn2+ ion and adsorption of H+ and metal-hydroxo com- 
plexes (14). 


The pH values for a suspension supernate were compared with reported 
values of the zero point of charge for the various solids (Table IV). The 
{-potential values are believed to be a more reliable indication of the 
surface condition. The zero point of charge for a particular sample of 
substance depends markedly on the history of the sample, and literature 
zero point of charge values for different samples of the same material vary 
widely (17). 


Classical theory dictates that high absolute values of {-potential are 
associated with deflocculated systems. The potential energy-distance 
curves for such systems show a primary minimum at  short distances, due 
to van der Waals attractive forces, and a relatively steep threshold, due 
to charge-charge repulsion. However, only one system studied, calcium 
carbonate, was deflocculated in water. Parodoxically, calcium carbonate 
had the lowest {-potential. 


The measurement of {-potential of concentrated suspensions con- 
taining polymers by electrophoresis is complicated because dilution is 
required. Dilution of systems containing adsorbed materials can result 
in desorption, with consequent alterations in the measured potential. 
Since xanthan gum did not undergo desorption upon dilution, this 
measurement was feasible. 


The addition of xanthan gum to the suspended solids caused a reduc- 
tion in {-potential and a reversal in sign to negative values (Fig. 5). The 
curves resemble the adsorption isotherms in that the potentials approach 
limiting values. The {-potential curves confirm polymer adsorption and 
indicate that the potential is determined largely by the layer of adsorbed 
polymer, which is negatively charged. 


In the presence of xanthan gum, aluminum hydroxide and magnesium 
carbonate are flocculated (2). The fact that the {-potential is not negli- 
gible for these systems again illustrates its limited utility in predicting 
flocculation behavior. {-Potential measurements are of value, but they 
must be combined with other techniques to obtain a complete view of a 
disperse system. 


Table IV-pH of Supernate of Suspended Solids 


medium. 


Zero Point 
Substance Supernatant pH of Charge Reference 


Magnesium carbonate 9.2 8.5 11 
Aluminum hydroxide 6.3 8.5 12 
Calcium carbonate 11.1 10.8 15 
Zinc oxide 7.2 9.0 16 
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Figure fi-{-Potential of solid drugs as a function of xanthan gum 
concentration. Key: 0 ,  aluminum hydroxide; 0 ,  zinc oxide; 0, mag- 
nesium carbonate; and A, calcium carbonate. 


The adsorption mechanism of xanthan gum by the solids investigated 
is most likely electrostatic. The positively charged surfaces are expected 
to attract strongly the oppositely charged polymer molecules. Since 
xanthan gum has little surface activity, an adsorption mechanism based 
on hydrophobic interaction with the surface is not likely. 


Experiments with silica provide an interesting comparison. The 
{-potential of silica in water was 55 mv. Suspensions containing 5 g of 
silica in 100 ml of water were deflocculated, with a sedimentation volume 
of 0.05. There was no change in sedimentation volume upon addition of 
xanthan gum. Adsorption studies revealed that xanthan gum was not 
adsorbed to any significant extent. In this case, the negative potential 
on the particles prevented polymer adsorption and precluded flocculation 
by bridging. 


Conclusion-The results provide evidence for bridging as a floccu- 
lation mechanism of xanthan gum. Significant adsorption occurred on 
solids that underwent a change in flocculation state because of the gum. 
{-Potential measurements confirmed polymer adsorption. Previously, 
it was shown that salt effects on the flocculation of aluminum hydroxide, 
magnesium carbonate, zinc oxide, and calcium carbonate were minimal 
and that double-layer repulsion alteration by the electrolyte was not 
important in the flocculation-deflocculation behavior of these suspen- 
sions (2). The lack of correlation between the {-potential and the floc- 
culation state is another indication that double-layer effects do not play 
a major role in controlling flocculation of these materials by xanthan 
gum. 
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Abstract Selected isomeric and nonisomeric oxime 0-ether derivatives 
of thioxanthone oxime were synthesized and evaluated for anticholinergic 
activity. The oxime 0-ethers were prepared uia 0-alkylation of the oxi- 
mate anion with appropriate aminoaklyl halides. Separation and isolation 
of the structural isomers were accomplished through dry-column chro- 
matography. The racemic a-methyl isomer was resolved uia formation 
of tartrate diastereomers, which were subsequently isolated. All syn- 
thesized compounds exhibited significant antimuscarinic activity. A 
comparison of the antimuscarinic activities of these compounds revealed 
that the racemic a-methyl isomer was the most potent and that the ra- 
cemic @-methyl isomer was the least potent. Structure-activity rela- 
tionships among the oxime 0-ether derivatives synthesized are dis- 
cussed. 


Keyphrases Anticholinergics, potential-selected tricyclic oxime 
0-ethers, synthesis, structure-activity relationships 0 Structure-activity 
relationships-selected tricyclic oxime 0-ethers as potential anticho- 
linergics, synthesis 0 Antimuscarinic activity-comparison of synthe- 
sized tricyclic oxime 0-ethers 0 Oxime derivatives-synthesis, com- 
parison as potential anticholinergics 


Various structurally and stereochemically different 
esters exhibiting anticholinergic activity were studied 
previously (1-4) to  obtain information concerning ste- 
reospecificity of the parasympathetic postganglionic 
acetylcholine receptor. One report (3), dealing with a- and 
6-methylcholine esters of 2-cyclohexyl-2-hydroxy-2- 
phenylacetic acid, concluded that a-methyl substitution 
significantly increased antimuscarinic activity and that 
such an increase was independent of the configuration of 
the a-substituted carbon atom. Based on these findings, 
the report indicated that the stereochemistry of the ami- 
noalcohol moiety was not significant in determining an- 
timuscarinic activity. 


Previous work ($6) demonstrated that oxime deriva- 
tives are useful model compounds for the study of struc- 
ture-activity relationships. More recent studies related 
geometric (7,8) and enantiomeric (8) isomerism in oxime 
0-ethers to their anticholinergic activity. These findings 
(a), however, were not in complete agreement with earlier 
reports (1-3) concerning the stereochemical significance 
of the aminoalcohol moiety in determining antimuscarinic 
potency. 


The present study was a further investigation of the 


possible relationships between structural and stereo- 
chemical properties and antimuscarinic activity among 
oxime 0-ethers. Selected isomeric and nonisomeric oxime 
0-ethers of thioxanthone oxime (Table I) were synthe- 
sized, and a preliminary pharmacological evaluation was 
conducted to determined their antimuscarinic activity. 


DISCUSSION 


Preparation of the oxime directly from thioxanthone was attempted 
uia methods described by Gomer et a/. (6). for the synthesis of xan- 
thoxime, and Wylie et a/. (9), for the preparation of benzophenone oxime, 
but was unsuccessful. This failure can be explained by the fact that, in 
thioxanthone, the carbonyl carbon is considerably less electrophilic and, 
therefore, less susceptible to nucleophilic attack by the hydroxylamine 
nitrogen. Subsequently, thioxanthone oxime was prepared by a modified 
method of Nagrajan et a/. (10). Accordingly, thioxanthone was converted 
first to the thione by refluxing it with excess phosphorus pentasulfide 
in xylene. The thione then was refluxed with hydroxylamine hydro- 
chloride and potassium t -butoxide in anhydrous ethanol to yield the 
oxime in fair yields. Based on the reported mechanism (8 , l l )  involved 
in the synthesis of oximes from highly aromatic ketones, a general base- 
catalyzed mechanism was proposed for the synthesis of thioxanthone 
oxime. The oxime was quite unstable when exposed to direct sunlight, 
decomposing to the ketone. The major steps involved in the synthesis 
of the oxime and the oxime 0-ethers are depicted in Scheme I. 


The oxime 0-ethers included in this study (Table I) were prepared uia 
0-alkylation of the oximate anion with the appropriate aminoalkyl ha- 
lides. The mechanism of 0-alkylation involves a nucleophilic attack by 
the base-generated anionic oximate species on the aminoalkyl halide, 
resulting in the displacement of the halide ion (12). 


The procedure of Huerta et a / .  (8) was used to prepare the a- and 
0-methylcholine 0-ethers of the oxime. Accordingly, 2-chloro-N.N- 


RX = aminoalkyl halide 
Scheme I 
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the obese and physiological and pathological factors that influence drug 
response. A section on correlating clinical response with drug disposition 
has been added. There also is a new chapter on bioavailability and bio- 


mulation will require access to this series, However, anyone involved in 
formulation development or evaluation will also find this series to be of 
great value. It deserves to be the definitive reference for academic use. 


equivalence. 
Definitions are presented as a glossary in the first chapter. The pro- 


ce88e8 of liberation, absorption, distribution, metabolism, and elimination 
are described in Chapter 2. Histological features of organs and cell 
membranes and drug-receptor interactions are considered in Chapters 
3-5. 


Absorption mechanisms (Chapter 6), physicochemical principles, in- 
cluding pKa values and partition coefficients (Chapters 7-9), and a 
physiological discussion of the GI tract and the circulatory system 
(Chapters 10 and 11) are presented. 


Protein binding (Chapter 12), drug metabolism (Chapter 131, and drug 
elimination (Chapter 14) are mentioned, and drug reabsorption in the 
kidneys and biliary recycling are presented in Chapter 15. 


The next section of the book (Chapters 16-26) deals with mathematical 
descriptions of various compartmental models. Included are one- and 
two-compartment models with intravenous and oral dosing. The deter- 
mination of rate constants by noncomputer techniques is included with 
a discussion of volumes of distribution. Concentrations after single and 
multiple doses are calculated. Methods for calculating and using the area 
under the curve and urine data are presented. Dosage adjustment for 
children, elderly, and obese patients are presented, as are methods used 
to calculate dosage regimens for desired results. 


The final chapters of the book (Chapters 27-31) deal with the effect 
of physiological factors on drug response and disposition, nonlinear 
pharmacokinetics, curve fitting, clinical response correlations with dis- 
position, and bioavailability and bioequivalence. The appendix gives 14 
pages of pharmacokinetic information for various drugs. 


This book covers many of the topics discussed in an undergraduate 
biopharmaceutics course and of interest to a clinical pharmacist. Each 
topic is covered briefly but comprehensively. Both students and prac- 
ticing pharmacists should find this book to be a very useful aid in un- 
derstanding and using pharmacokinetic principles. 


Reviewed by David Bourne 
Diuision of Pharmaceutics and 


Pharmaceutical Analysis 
University of Kentucky 
Lexington, KY 40506 


Pharmaceutical Dosage Forms: Tablets Vol. 1. Edited by HERBERT 
A. LIEBERMAN and LEON LACHMAN. Dekker, 270 Madison Ave., 
New York, NY 10016. 1980. 490 pp. 18 X 25.5 cm. Price $59.75. (A 
special introductory price of $29.75 is available on orders of five or more 
copies in the United States and Canada.) 
This book is the first in a three-volume treatise designed to examine 


in detail all phases of tablet technology, from initial development to final 
quality assurance. In the first volume, each chapter develops from an 
introduction through to the present pharmaceutical practice. Fourteen 
authors contributed to this first volume of eight chapters, and they, along 
with those listed for the other two volumes, represent an illustrious se- 
lection of experts in this area. 


Chapter I, entitled Preformulating Testing, is an excellent review of 
all the physical pharmacy testing necessary to characterize a new drug 
substance. Three excellent case studies are presented. The second 
chapter, entitled Tablet Formulation and Design, demonstrates how a 
suitable drug formulation should be developed based on available pre- 
formulation knowledge. Compressed Tablets comprises Chapter 111 in 
which each unit process step is reviewed, and the advantages and dis- 
advantages of the techniques and excipients available are discussed in 
detail. 


The final five chapters are entitled Compression-Coated and Layer 
Tablets; Effervescent Tablets; Special Tablets: Sublingual and Buccal 
Tablets; Chewable Tablets; and Medicated Lozenges. For each, the 
processing steps and alternatives are reviewed along with details of typical 
formulations. 


The remaining two volumes promise to discuss each unit process in 
detail. Each chapter in Volume 1 is, however, complete within itself. 
When publication is completed, this series will be considered as the de- 
finitive state of the art. If, as the title implies, further volumes on capsules, 
liquids, and semisolids follow, this series will become the encyclopedia 
of pharmaceutical technology. Anyone actively involved in tablet for- 


Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Drug Level Monitoring-Analytical Techniques, Metabolism, and 
Pharmacokinetics. By WOLFGANG SADfiE and GEERTRUIDA 
C. M. BEELEN. Wiley, 605 Third Ave., New York, NY 10016.495 pp. 
15 X 23 cm. Price $35.00. 
This book is divided into essentially two parts. The first part consists 


of brief, generalized chapters on drug metabolism, pharmacokinetics, 
clinical pharmacokinetics and therapeutic drug level monitoring, and 
analytical techniques. Of these four chapters, the work on analytical 
techniques is the most extensive. 


The second section consists of drug monographs for 102 drugs which 
were chosen on the basis of being currently measured in clinical phar- 
macokinetic laboratories, being representative of a class of chemical or 
pharmacological agents, and/or belonging to the following major classes: 
antimicrobials, anticancer drugs, antiepileptics, cardiovascular drugs, 
psychotropic drugs, analgesics, and drugs of abuse. Each monograph 
contains a brief description of the therapeutic and toxic concentration 
ranges, metabolism, analogous compounds, and analytical techniques. 
The last section of each monograph briefly describes the various ana- 
lytical methods (with pertinent references) that have been employed. 
References in this section are current to 1978. However, an addendum 
at  the end of the book updates the references through October 1979. 


The chapters that appear in the first part of this book are far too brief 
and cursory to be of value to anyone unfamiliar with the given area. Two 
pages on the topic of pharmacokinetics is hardly worth the effort. In 
addition, the treatment of the various analytical techniques is quite un- 
balanced. Spectroscopic methods such as UV and visible spectroscopy, 
colorimetry, and fluorescence are given as much coverage as high-per- 
formance liquid chromatography, although the latter method is of much 
greater utility in monitoring blood levels of drugs. Greater coverage of 
the more important methods at  the expense of the less important ones 
might have been a better approach. 


The section containing drug monographs provides a wealth of infor- 
mation and important references. In most cases, some details are given 
on the most suitable methods. 


Despite the shortcomings of the initial chapters, this book will be 
valuable to anyone engaged in drug level monitoring. Since the book 
provides a good survey of the pertinent literature, it can serve as an ex- 
cellent starting point in searching for the best assay for a given drug level 
monitoring project. 


Reviewed by James W. Munson 
The Upjohn Company 
Kalamatoo. MI 49001 


Clinical Pharmacology, 24th ed. Edited by RONALD H. GIRWOOD. 
Macmillan, 866 Third Ave., New York, NY 10022.1980.608 pp. 15 X 
23 cm. Price $29.95. 
First published in 1884 in Great Britain, Clinical Pharmacology ap- 


pears to be designed to acquaint medical and paramedical professionals 
with a relatively complete compilation of currently used drugs. Following 
two chapters devoted to discussions of Mechanisms Involved in Drug 
Action and Adverse Drug Reactions are 16 additional chapters that ad- 
dress antimicrobials, analgesics, autonomic and CNS drugs, cardiovas- 
cular drugs, drugs affecting the respiratory system, drugs affecting the 
alimentary system, drugs acting on the kidney, endocrine drugs, vitamins, 
hematinica, anticoagulants, cancer chemotherapy, heavy metals, and drug 
treatment of skin disorders. Chapter 19, An International Guide to 
Proprietary Names, provides a cross-listing of generic names from the 
trade names of drugs marketed both in Europe and the United States. 


Written by one of the six contributing authors, each chapter introduces 
the drug category, describes the physical or chemical characteristics of 
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This method was applied to bulk drug samples, giving a relative 
standard deviation of <0.4% ( n  = 5). 


In summary, the method presented here is rapid, stability indicating, 
precise, and accurate, and it is experimentally simpler than current 
compendia1 assays. 
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Abstract 0 The degradation of methylprednisolone 21-succinate in 
aqueous solution was examined as a function of pH at 25’ by monitoring 
the initial rates of product formation. In addition to hydrolysis, acyl 
migration from the 21-hydroxyl group to the 17-hydroxyl group was found 
to be an important reaction. The 17-succinate was isolated, and its de- 
composition to the 21-succinate was followed by the initial rate method. 
Direct hydrolysis of the 17-ester was much slower than the 17 - 21 acyl 
migration under alkaline conditions. From the rate constants for the 
forward and reverse acyl migration, it may be concluded that the 21-ester 
is thermodynamically more stable, even though its alkaline hydrolysis 
is faster. The hydrolysis of the 21-ester and the reversible rearrangement 
are subject to intramolecular catalysis by the terminal carboxyl group, 
for which a kinetic pKa value of 4.54.6 was estimated. 


Keyphrases 0 Methylprednisolone-17- and 21-succinates, hydrolysis 
and acyl migration, initial rate studies Hydrolysis-methylpredniso- 
lone 17- and 2l-succinates, initial rate studies Degradation- 
methylprednisolone 17- and 2l-succinates, hydrolysis and acyl migration, 
initial rate studies 


Methylprednisolone 21-succinate (sodium salt1) is a 
soluble prodrug of methylprednisolone used as an injec- 
table corticoid in acute hypersensitivity and dermatolog- 
ical conditions. Solubilization is achieved through the use 
of the ionizable hemisuccinate moiety, which is cleaved in 
viva to release the active parent compound. 


Previous studies of the kinetic behavior of this com- 
pound and similar compounds in aqueous solution gen- 
erally focused on the hydrolytic cleavage of the ester 
linkage. Hydrolysis usually is regarded as the major deg- 
radation pathway of 21-steroid esters (1-3), followed by 
further decomposition via several routes (2,4,5). These 
kinetic studies were based on the results of nonspecific 
analytical methods such as the consumption of base (1) or 


Solu-Medrol (methylprednisolone sodium succinate), The Upjohn Co. 


extraction coupled with the blue tetrazolium assay (2) for 
measuring reaction rates. 


In this study, the kinetics of methylprednisolone 21- 
hemisuccinate degradation were reexamined using a highly 
sensitive and specific high-performance liquid chroma- 
tographic (HPLC) technique. By monitoring the initial 
rates of product formation, data could be obtained easily 
a t  room temperature ( 2 5 O )  and at pH values where the 
reactions are quite slow. As a result of the improved ana- 
lytical methodology, the role of acyl migration in the 
aqueous solution degradation of this steroid 21-ester and 
the isomeric 17-ester could be explored in addition to the 
hydrolysis reaction. 


EXPERIMENTAL 


HPLC Analysis-A modular high-performance liquid chromato- 
graphic system consisting of an automated sample injector2, a con- 
stant-flow pump3 operated at  0.9-1.4 ml/min, a reversed-phase column4 
packed with 10-pm Lichrosorb RP-185, a variable-wavelength UV de- 
tector6 operated at 248 nm, and a digital integrator7 was used for all ki- 
netic studies. The mobile phase contained 33% acetonitriles and 67% 
water buffered at pH 5.2-5.4 with 0.05 M acetate buffer. 


Under these chromatographic conditions, methylprednisolone 17- 
hemisuccinate was eluted first, followed by methylprednisolone and then 
by methylprednisolone 21-hemisuccinate. As will be discussed later, the 
retention times of the esters changed dramatically with small changes 
in the pH. Detector response, measured either as the peak area or peak 
height, was linear for all solution components over the concentration 
range of interest. 


2 Wisp model 7IOA, Waters Associates, Milford, Mass. 
3 Model llOA, Altex Scientific, Berkeley, Calif. 
4 Brownlee Laboratories, Berkeley, Calif. 
5 E. Merck, Darmstadt, West Germany. 
6 Altexmitachi model 153-00, Altex Scientific, Berkeiey, Calif. 
7 Model 3380A, Hewlett-Packard, Avondale, Pa. 
8 Burdick & Jackson Laboratories, Muskegon, Mich. 
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pH = 6.0 


..-i Methylprednlmione + I  21-emmr 1 
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Figure 1-Effect of mobile phase pH on the resolution of methyl- 
prednisolone and methylprednisolone 17-hemisuccinate in the presence 
of high concentrations of 21-hemisuccinate. The flow rate was 1.3 
mllmin, and the detector sensitivity was 0.16 absorbance unitll0-mu 
output. Other chromatographic conditions are reported in the text. 


Standard Solutions-Standard solutions of methylprednisolone and 
methylprednisolone 17- and 21-succinates were prepared at  concentra- 
tions of 1.0 X 10-6-1.0 X M, depending on the samples being ana- 
lyzed. These solutions were prepared at  pH 3-4 in 0.01 M ionic strength 
buffer (6) and were stable for at least 1 day at  25'. 


Kinetic Studies-Solutions of methylprednisolone 21- or 17-succinate 
were prepared, at concentrations in the range of 1.0-6.0 X lo-* M in 0.01 
M ionic strength buffers (6), by one of the following two methods: 


I. An amount of the ester stock solution in dimethylformamide of 
known concentration and density was weighed accurately into a 25-ml 
volumetric flask and diluted with buffer to 25 ml. 


2. An amount of the ester was weighed accurately, transferred to a 
25-ml volumetric flask, dissolved in 200 p1 of dimethylformamide, and 
then diluted to 25 ml with buffer. 


All solutions contained <1% dimethylformamide. The time of prepa- 
ration and the exact pH were recorded. Samples were maintained at 25' 
in a constant-temperature water bath or in the sample compartment of 


I 
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1. 4 5 6 7 8 9  I L 


PH 
Figure 2-Plot of hydrolysis rate as a function o f p H  for methylpred- 
nisolone 21-hemisuccinate in aqueous bujfers a t  25'. Key: 0, experi- 
mental data; and -, theoretical curve. 


the automatic sampler, which was modified to maintain a constant 
temperature of 25 f 0.6O in the compartment. 


Samples for HPLC analysis were injected directly using the conditions 
described previously. In general, a t  least five data points prior to 3% 
degradation of the starting material were obtained. Product concentra- 
tions generally were determined using the ratio of the peak areas of the 
sample and standard. However, when very high precision was desired, 
peak heights were preferable. 


Isolation of Methylprednisolone 17-Hemisuccinate-Although 
an additional impurity in methylprednisolone 21-succinate solutions had 
been observed previously by HPLC and some evidence suggested that 
it was the 17-succinateg, the compound had not been isolated in sufficient 
quantity for conclusive structural elucidation. Furthermore, relatively 
pure 17-hemisuccinate was needed for use as a standard for the kinetic 
studies. 


Methylprednisolone 21-hemisuccinate (3 g) was dissolved in 100 ml 
of deionized water by adjusting the pH to -7.5 with dilute sodium hy- 
droxide. The solution was heated to 60-70', and the pH was maintained 
at 7.5 by occasional addition of dilute sodium hydroxide. Formation of 
the unknown product and free methylprednisolone were monitored by 
HPLC. After 1 day, the unknown appeared to reach a maximum con- 
centration of -12% of the initial starting material (by peak areas). 


After cooling, the solution was acidified (acetic acid) and extracted with 
three 100-ml portions of ethyl acetate. The organic layers were combined, 
and the solvent was removed on a rotary evaporator. The viscous residue 
was redissolved in a solution of 40% acetonitrile and 60% aqueous buffer 
containing 0.05 M acetic acid, which was adjusted to pH 5.2 with potas- 
sium hydroxide. This solution was injected onto a reversed-phase pre- 
parative systemlo and eluted with a mobile phase of the same composition 
as the sample solvent. At a flow rate of 18 mllmin, the fraction containing 
the desired product eluted in -13 min. This fraction was acidified (acetic 
acid) and extracted with three equal-volume portions of ethyl acetate. 


The organic extracts were combined and dried (anhydrous sodium 
sulfate), and the solvent was evaporated to a few milliliters. Several 
portions of acetonitrile were added and evaporated, using a rotary 
evaporator to pull off residual acetic acid. The final residue was dissolved 
in a small volume (-20 ml) of ethyl acetate, filtered, and added dropwise 
to a large volume of hexane (-500 ml), with rapid stirring, to give 175 mg 
of a white precipitatell. This material was collected and dried overnight 
at 60° in a high vacuum and was shown by HPLC to contain no detectable 
methylprednisolone and <1% 21-succinate, mp 143' dec.". 


Anal.-Calc. for C ~ G H ~ ~ O ~ :  C, 65.8; H, 7.22. Found C, 65.69; H, 
1.57. 


The mass spectrum of the trimethylsilylated derivative of the unknown 
was reasonable for the 17-hemisuccinate but was not conclusive. A peak 
at mlz 587 corresponding to loss of CHzOSi(CH& from the molecular 
ion would not be expected from the 21-hemisuccinate or from an inter- 
mediate hemi-ortho ester unless decomposition occurred, but this peak 
is reasonable for the 17-ester, which has a CHzOH group. 


Noise-decoupled 13C-NMR spectroscopy showed a downfield shift in 
the quaternary C-17 from 6 88.68 for the 21-hemisuccinate to 6 94.48 for 
the unknown and an upfield shift of the 21-carbon from 6 67.68 to 65.58. 
Moreover, no quaternary carbons were observed in the region expected 
for a carbon bonded to three oxygens, eliminating the unlikely possibility 
that the unknown was the hemi-ortho ester, the existence of which has 
been postulated (7). 


The kinetic behavior of the unknown strongly supports the assigned 
structure. 


RESULTS AND DISCUSSION 


Reversed-Phase HPLC Determination of Methylprednisolone 
21-Hemisuccinate and Its Degradation Products-Previous studies 
of soluble steroid degradation generally focused on the hydrolysis reaction 
and failed to address acyl migration. Presumably, the analytical methods 
used were not specific for the 17-ester in the presence of the 21-ester. 
Although normal-phase chromatographic methods for the separation 
of methylprednisolone (11) and the 17-hemisuccinate (111) from 
methylprednisolone 21-hemisuccinate (I) (Scheme I) have been devel- 
oped (8), a reversed-phase method was considered as more desirable for 


9 H. J. Rodriguez, L. E. Fox, and W. F. Beyer, The Upjohn Co., Kalamazoo, MI 


1OTwo size B RP-8 Lobar (E. Merck. Darmstadt. West Germanv) columns were 
49001, internal communications. 


em loyed. 
In a repetition of the synthesis, crystallization occurred in ethyl acetate prior 


to the precipitation step. The crystallized material exhibited a melting point of 
175.0-178.5'. 
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Scheme I-Initial reaction pathways in the degradation of methylprednisolone 21-hemisuccinate 


kinetic studies since it would allow direct injection of an aqueous solution 
without time-consuming extraction during which further degradation 
could occur. 


A recent report that described a reversed-phase HPLC procedure for 
the components of interest failed to mention the 17-hemisuccinate (9). 
Those investigators reported the use of a mobile phase containing 2% 
acetic acid. In the present study, it was found that the pH of the mobile 
phase is important. Figure 1 shows the effects of relatively small changes 
in pH on th.e resolution of the three solution components. As expected, 
the retention times of the hemisuccinate isomers can be varied relative 
to that of free methylprednisolone. At  pH 5.0, the 17-hemisuccinate peak 
merged with the free methylprednisolone peak. In the previously re- 
ported method (9), the peaks for the 17-ester and free methylprednisolone 
probably merged. 


Kinetic Studies-Advantage of Initial Rate Method-Because the 
reaction rates are very slow at room temperature and at  pH values near 
neutrality, most earlier studies were carried out a t  high temperature and 
at pH values where reaction rates were well above the minimum in the 
pH-rate profile so that reactions could be followed conveniently for 
several half-lives. When the reactions are followed for several half-lives, 
other competing side reactions, such as oxidation of the dihydroxyacetone 
side chain (4) and D-homo rearrangement (lo), complicate the ki- 
netics. 


To obtain the complete pH-rate profile a t  room temperature in a 
reasonable time and to avoid the mathematical complications brought 
about by consecutive reactions when following kinetics over several 
half-lives, initial rates of product formation were monitored. Prior to 2-3% 
degradation, the concentration of the reactant can be considered constant 
so that product formation rates are constant. The free alcohol and 17- 
ester form at rates that are independent of the presence of each other in 
initial rate studies. 


Determination of Reaction Order-Both the hydrolysis reaction and 
the acyl migration from the 21-position were shown to be first order with 


Table I-Rate Constants a t  Various Dilute Concentrations of 
Methylprednisolone 2 1-Hemisuccinate (I) 


Concentration, 
PH M X  104 kl, min-l k2, min-l 


7.30 1.94 (1.5 i 0.8) x 10-5 (2.4 f 0.9) x 10-5 


7.30 5.91 (1.5 i 0.1) x 10-5 (2.6 f 0.2) x 10-5 
7.30 4.10 (1.6 f 0.3) X (2.9 f 0.3) X 


5.82 2.08 (3.6 f 0.6) X (1.3 f 0.2) X 


5.82 4.15 (3.0 + 0.3) X (1.2 f 0.03) X 
5.82 3.24 (2.7 f 0.2) x 10-6 (1.1 f 0.1) x 10-5 


4.02 0.968 (1.6 I0 .2 j  x 10-6 (3.7 f 0.3) x 10-6 
4.02 1.28 (1.7 f 0.1) X (3.6 f 0.1) X 
4.02 2.00 (1.4 f 0.1) X (3.2 f 0.3) X 


respect to methylprednisolone 21-hemisuccinate. In the initial rate 
studies, the reactions shown in Scheme I occur. In Scheme I, k l  and k z  
represent pseudo-first-order rate constants. Although the 21 - 17 re- 
arrangement is reversible, the reverse reaction rate is negligible early in 
the approach to equilibrium. Since I can be considered constant during 
the time frame of interest, the reaction order can be determined by 
varying the initial concentration of I. Reaction rates were found to be a 
linear function of the initial concentration of I, indicating that these re- 
actions are first order in I. Rate constants a t  various concentrations of 
I and at  three pH values are shown in Table I. As expected, the rate 
constants do not change significantly with the concentration of I in the 
dilute region. 


Hydrolysis of Methylprednisolone 21 -Hemisuccinate-The pH-rate 
profile for the hydrolysis of methylprednisolone 21-succinate is shown 
in Fig. 2. From the shape of the curve, it is evident that more than one 
mechanism must be invoked to account for the hydrolysis at different 
pH values. The line drawn in Fig. 2 represents the theoretical curve based 
on the relationship: 


k#$[H+]2 + kk&[H+] + kw-Kw + k&CIOH-]Ka 
k l =  (Eq. 1) 


P + l +  Ka 


Values for the rate constants a t  25' were estimated using a least-squares 
computer-fitting technique (11) and are listed in Table I1 with values 
representing 95% confidence limits. A pKa of 4.54 was assumed based 
on the results of curve fitting of the acyl migration data (to be presented 
later). 


The value obtained for k?$- is close to that calculated for a similar 
system (1). The k&!- value represents specific hydroxide-ion-catalyzed 
hydrolysis of the succinate anion and is the most important term at  pH 
values above 6.5. 


Between pH 4.1 and 6.5, the dominant term in the hydrolysis is hy- 
droxide-ion attack on the unionized ester or the kinetically equivalent 
water attack on the anion. Mechanistically, the increase in the rate over 
that predicted from k$f$ as the pKa is approached can be interpreted 
as being due to one or more of the following reactions: (a) intramolecular 
nucleophilic catalysis by the anion, ( b )  intramolecular general base ca- 
talysis of attack by water, (c) intramolecular general acid catalysis of 


Table 11-Rate Constants for Hydrolysis of Methylprednisolone 
21-Hemisuccinate in Water a t  25" 


Parameter Rate Constant 95% Confidence Limit 


k$# 74 liters/mole/min f 1 4  liters/mole/min 
k&' 7.2 X lo3 liters/mole/min f1.7 X lo3 liters/mole/min 


1.0 x 10-6 min-1 i0.34 X min-' 
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Figure 3-Plot of rearrangement rate as a function of pH for the mi- 
gration of the hemisuccinate moiety from the 17 + 21 position (0) and 
from the 21 - 17position (0) in aqueous buffers a t  25”. 


attack by hydroxide ion, and (d) repulsion of hydroxide ion by the neg- 
atively charged carboxylate which decreases as the pKa is approached. 
The present study does not differentiate between these kinetically 
equivalent mechanisms. 


Although intramolecular nucleophilic attack by the terminal carbox- 
ylate was shown to occur in some monoesters of dicarboxylic acids (121, 
evidence supporting this mechanism in the present case is not available. 
Fersht and Kirby (13) showed that the borderline between intramolecular 
general base and nucleophilic catalysis lies in the region where the pKa 
of the leaving group is 5.5-6.5 units more basic than the pKa of the at- 
tacking nucleophile. Based on the estimations that the apparent pKa of 
the C-17 side chain of methylprednisolone probably is near 11 due to 
enolization (14) and that the pKa of the terminal carboxylic acid group 
is 4.5, methylprednisolone 21-succinate apparently lies on the borderline 
between the general base and nucleophilic mechanisms. Intramolecular 


,,o-c 
He’ \ 


Scheme 11-General acid-specific base catalysis 


0 
II 


0--c 
// 


0 
Scheme IIl-General base catalysis 


general acid catalysis also cannot be ruled out. In fact, this mechanism 
appears to be the most reasonable mode of catalysis of acyl migration. 


Acyl Migration in Methylprednisolone Hemisuccinate-21 + 17 
Acyl Migration-Although acyl migration in steroid esters was reported 
previously (15,16), the present investigators are not aware of any quan- 
titative data on acyl migration from the 21-hydroxyl group to the highly 
hindered 17-hydroxyl group. In spite of the fact that the 17-hydroxyl 
group is in a sterically crowded environment, the 21 - 17 rearrangement 
is quite facile. The pH-rate profile for the rearrangement of the hem- 
isuccinate moiety from the 21-hydroxyl group to the 17-hydroxyl group 
is shown in Fig. 3. The initial rate of 21 - 17 acyl migration is faster than 
hydrolysis at pH values between 3.6 and 7.4. The theoretical curve drawn 
in Fig. 3 represents the following relationship: 


(Eq. 2) 


Estimates of the second-order rate constants k3$17 and k5kZIr” and the 
acid dissociation constant KG were obtained by applying a least-squares 
computer-fitting technique (11) to the rate data versus pH. These values 
are listed in Table 111 along with 95% confidence limits. 


Intramolecular catalysis represents an acceleration of -600-fold in the 
rearrangement. This acceleration is significantly greater (by a factor of 
-6) than the intramolecular catalysis observed previously in the hy- 
drolysis and accounts for the fact that the initial rate of acyl migration 
is faster than hydrolysis between pH 3.6 and 7.4. Two possible mecha- 
nisms may account for this acceleration (Schemes I1 and 111). Intramo- 
lecular general acid catalysis involves the formation of a six-membered 
ring (assuming a linear hydrogen bond), while general base catalysis re- 
quires the formation of a 10-membered ring. On this basis, general acid 
catalysis is more likely. 


Repulsion of hydroxide ion by the anion probably can be ruled out due 
to the magnitude of the rate enhancement. Nucleophilic catalysis, which 
is a possible mechanism in hydrolysis, is not possible in the rearrange- 
ment. 


17 - 21 Acyl Migration-Also shown in Fig. 3 is the pH-rate profile 
for the rearrangement of the succinate from the 17-hydroxyl group to the 


Table 111-Kinetically Determined pKa Values for Methylprednisolone Succinate Esters and Rate Constants for 21 - 17 and 17 - 21 
Acyl Migration in Water a t  25” 


Compound Parameter Parameter Value 95% Confidence Limit 


21-Succinate PKa 4.54 f0.19 
k21-17 OH- 3.5 x 104 liters/mole/min f0.9 x lo4 liters/mole/min 
k’21-17 59 liters/mole/min f 1 6  liters/mole/min 


k b7Hf2l 1.2 x lo5 liters/mole/min f0.2 x 105 liters/mole/min 
ka7Hf21 290 liters/mole/min f l O O  liters/mole/min 


OH- 
17-Succinate PKa 4.62 f0.13 
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Figure 4-Appearance of free methylprednisolone (0) and 21-ester 
(0) versus time in a solution containing 4 X M methylprednisolone 
17-hemisuccinate buffered at  pH 7.2 at  2 5 O .  


21-hydroxyl group. Except for their vertical position, the curves are vir- 
tually superimposable. An equation identical to Eq. 2 but with the 
pseudo-first-order rate constant k-2 and second-order rate constants 
k8G2’ and k’&?’ can be used to describe the 17 - 21 rearrangement. 
Table I11 lists the computer-determined best values for the second-order 
rate constants and the kinetically determined pKa for the 17-succi- 
nate. 


Relative Stabilities of Methylprednisolone 17- and 21-Succi- 
nates-A true equilibrium between the 17 and 21-succinates never is 
attained in aqueous solution due to rapid hydrolysis. However, from a 
comparison of the migration rate constants in Table 111, the relative 
thermodynamic stability of the two isomers can be estimated. 


In the rearrangement reaction, the transition state is the same for both 
the forward and reverse acyl migration by the principle of microscopic 
reversibility (17), so that the ratio of the migration rates depends only 
on the relative reactant stabilities. From Table 111, this ratio (k#ZJ1/ 


thermodynamically more stable by 650-950 cal/mole. 
The 21-succinate is an ester of a primary hydroxyl group, while the 


17-succinate, being an ester of a tertiary hydroxyl group, is more hindered. 
If the difference in ester stability observed is due to a steric effect, the 
21-ester is expected to be favored. The relatively small difference seen 
suggests that steric hindrance affects the ground-state stability of these 
compounds to only a minor extent. 


Even though the 21-ester is thermodynamically more stable, it hy- 
drolyzes much faster than the 17-ester. Direct hydrolysis of the 17-SUC- 
cinate does not appear to be an important reaction, at least under alkaline 
conditions. Figure 4 shows the concentrations of free methylprednisolone 
and its 21-hemisuccinate formed as a function of time in a solution of the 
17-hemisuccinate buffered at pH 7.2. A lag time is clearly apparent in 
the formation of free methylprednisolone, suggesting that hydrolysis 
occurs after 21-ester formation. This evidence indicates that the reaction 
shown in Scheme IV applies to these systems. 


It is apparent that steric effects on the relative rates of hydrolysis of 
these esters are pronounced. Steric effects are known to be important in 
hydrolysis reactions, because the transition state involving the formation 
of a tetrahedral intermediate is more crowded than the initial state and 


ki1~27 or k‘&Zl/k’Zl-17 OH- ) is -3-5, indicating that the 21-succinate is 


free alcohol 
Scheme ZV 


is more highly ordered since two molecules have combined to form one 
(18). From a consideration of steric parameters of alkyl substituents at 
the oxygen in acetate esters (19), base-catalyzed hydrolysis rates of pri- 
mary alkyl acetates are expected to be faster than hydrolysis of tertiary 
alkyl acetates by a factor of >100. Thus, the hydrolysis of the 17-hem- 
isuccinate is expected to be quite slow, as was observed in this study. 


CONCLUSIONS 


Because current analytical techniques are superior in sensitivity and 
specificity to those used in the past for drug degradation studies, re- 
evaluation of earlier data may be useful. A reexamination of the aqueous 
degradation of methylprednisolone 21-hemisuccinate serves as an ex- 
ample. 


A specific HPLC method for determining low levels of methylpred- 
nisolone and methylprednisolone 17-hemisuccinate in the presence of 
the 21-hemisuccinate was developed. Initial rate kinetic studies of the 
degradation of methylprednisolone 21-hemisuccinate in aqueous solution 
at 25’ showed that degradation proceeds by parallel first-order reactions 
in the initial phase. Although hydrolysis is a significant reaction at  all 
pH values, reversible acyl migration dominates a t  pH 3.6-7.4. Therefore, 
acyl migration is more important in such systems than previously was 
recognized. 
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Abstract 0 A reported fluorometric method to determine tetracyclines 
in biological material was modified to determine low levels of the anti- 
biotics when using only small amounts of starting material. The method 
is applicable to tissue distribution studies in small experimental animals 
and also can be used for serial determinations in blood samples of these 
animals and for biopsy material. The tetracyclines are extracted in the 
presence of ethylenediaminetetraacetic acid, and the phosphate pre- 
cipitation steps are omitted. This omission makes the procedure con- 
siderably less time consuming. The recoveries of the tetracyclines, oxy- 
tetracycline and doxycycline, are -&WlOO%. The values obtained by this 
method were consistent with those from microbiological assays, and its 
reliability was shown further in a comparison with the fate of radioactive 
tetracycline. 


Keyphrases 0 Tetracyclines-fluorometric determination in small 
blood and tissue samples 0 Oxytetracycline-fluorometric determination 
in small blood and tissue samples Doxycycline-fluorometric deter- 
mination in small blood and tissue samples Fluorometry-analysis, 
tetracyclines in small blood and tissue samples 


Several methods are available to determine the amount 
of tetracycline in biological material. Microbiological as- 
says often are preferred even though their precision is low 
and data can be obtained only after prolonged incubation 
(1). 


Spectrophotometric methods (2) are insensitive, and 
interference from other material cannot always be ex- 
cluded. High-pressure liquid chromatography (HPLC) (3) 
and polarographic analysis (4) of tetracyclines also have 
been described, but they require special equipment. Flu- 
orometric analysis is relatively simple and specific for the 
tetracyclines (5,6). 


BACKGROUND 


Studies have been made of the inhibition of mitochondrial protein 
synthesis by tetracyclines and the consequences of this inhibition on the 
functional activity of cells, tissues, and whole animals (7-10). Because 
of the many other possible effects of tetracyclines, which occur mainly 
at drug concentrations much higher than those a t  which mitochondrial 
protein synthesis is impaired, careful control of tetracycline levels and 
amounts is necessary in such studies. 


For these reasons, the fluorometric method described by Poiger and 
Schlatter (6) was selected for measurement of tetracycline concentrations 
in tissues and serum samples of rats after prolonged drug administration. 
This method is based on buffer extraction of tetracyclines from blood 
and tissue samples. After deproteinization and elimination of phosphates, 
the tetracyclines are extracted into an organic solvent as ion-pairs with 
calcium and trichloroacetate ions. Fluorescence of the tetracyclines is 
induced by the addition of a base and magnesium ions. The method gives 
reproducible results, although the recoveries are low-on the order of 
3540% for tetracycline and chlortetracycline. Only for oxytetracycline 
was 6070 recovery from serum recorded (6). 


A major disadvantage of the method is the large quantity of material 
required (3 ml of serum or 2 g of tissue). Therefore, the amounts of tet- 
racyclines in blood and tissue samples of experimental animals such as 
mice and rats are difficult to determine with this method. By critical 
evaluation of the various steps of the method, it was possible to modify 
it in a way that allows the detection of small amounts of the tetracyclines 
in as little as 0.2 ml of serum or 50 mg (wet weight) of tissue. 


EXPERIMENTAL 


Chemicals and Antibiotics-All chemicals were analytical grade. 
Oxytetracycline' (as hydrochloride), doxycycline2 (as hydrochloride), 
and [7-3H-(N)]tetracycline3 (0.94 Ci/mmole) were used as obtained. 


Experimental Animals and Preparation of Homogenates-In all 
recovery studies, after the addition of tetracyclines (oxytetracycline, 
doxycycline, or tetracycline), rat tissue homogenates or serum samples 
were incubated for 20 min a t  37O to obtain maximal binding. Tissue ho- 
mogenates were prepared in saline using a glass-polytef homogenizer. 


Extraction of Tetracyclines-Two milliliters of 0.1 M glycine- 
hydrochloric acid (pH 2) was added per milliliter of a 20% homogenate 
or dilutions thereof or per milliliter of serum with a known tetracycline 
content. Proteins were precipitated by the addition of 2 ml of 1 M tri- 
chloroacetic acid. The mixture was shaken vigorously and then centri- 
fuged. Four milliliters of the supernate was mixed with 1.2 ml of a solution 
containing sodium acetate (2 M )  and lead nitrate (0.06 M) and allowed 
to stand for 45 min at  room temperature before centrifugation. Then 0.85 
ml of saturated potassium iodide solution was added to 5 ml of the su- 
pernate, and the mixture was left for 15 min. After centrifugation, 5 ml 
of the supernate was mixed with 50 pl of 1 M calcium chloride and satu- 
rated with sodium chloride. 


The pH was adjusted to 9.5 with concentrated ammonia. After addition 
of 3 ml of ethyl acetate, the tetracycline was extracted by shaking the 
mixture for 1.5 min. Deviations from this general procedure will be in- 
dicated. 


Fluorescence Measurements-Fluorescence of tetracyclines ex- 
tracted into the organic layer was induced by adding 0.5 ml of a solution 
containing 200 mg of barbital sodium and 600 mg of magnesium acetate 
in 100 ml of methanol to 3 ml of the ethyl acetate extract just prior to the 
measurement of fluorescence. When small amounts of tissue or serum 
were used, 1 ml of water, treated as for a sample containing tetracycline, 
was a suitable blank. In other cases, a sample of tissue or serum without 
tetracycline was used as a blank because of the background fluores- 
cence. 


After reading the fluorescence of a sample, a known amount of tetra- 
cycline was added to the cell to calculate the recovery of tetracycline from 
the sample. 


Fluorescence measurements were carried out on a fluorescence spec- 
tr~photometer~ equipped with a xenon arc lamp. The spectral bandwidth 
was 10 nm for both excitation and emission. The instrument settings were 
400 nm for excitation and 505 nm for emission. 


1 Vendarcin, Gist-Brocades, Delft, The Netherlands. 
Pfizer Inc., Brussels, Belgium. 
New Eneland Nuclear. Dreiech. West Germanv. 
Perkin-Elmer MPF-43, Charles Goffin, Maastricht-de Bilt, The Nether- 


lands. 
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Abstract Selected isomeric and nonisomeric oxime 0-ether derivatives 
of thioxanthone oxime were synthesized and evaluated for anticholinergic 
activity. The oxime 0-ethers were prepared uia 0-alkylation of the oxi- 
mate anion with appropriate aminoaklyl halides. Separation and isolation 
of the structural isomers were accomplished through dry-column chro- 
matography. The racemic a-methyl isomer was resolved uia formation 
of tartrate diastereomers, which were subsequently isolated. All syn- 
thesized compounds exhibited significant antimuscarinic activity. A 
comparison of the antimuscarinic activities of these compounds revealed 
that the racemic a-methyl isomer was the most potent and that the ra- 
cemic @-methyl isomer was the least potent. Structure-activity rela- 
tionships among the oxime 0-ether derivatives synthesized are dis- 
cussed. 


Keyphrases Anticholinergics, potential-selected tricyclic oxime 
0-ethers, synthesis, structure-activity relationships 0 Structure-activity 
relationships-selected tricyclic oxime 0-ethers as potential anticho- 
linergics, synthesis 0 Antimuscarinic activity-comparison of synthe- 
sized tricyclic oxime 0-ethers 0 Oxime derivatives-synthesis, com- 
parison as potential anticholinergics 


Various structurally and stereochemically different 
esters exhibiting anticholinergic activity were studied 
previously (1-4) to  obtain information concerning ste- 
reospecificity of the parasympathetic postganglionic 
acetylcholine receptor. One report (3), dealing with a- and 
6-methylcholine esters of 2-cyclohexyl-2-hydroxy-2- 
phenylacetic acid, concluded that a-methyl substitution 
significantly increased antimuscarinic activity and that 
such an increase was independent of the configuration of 
the a-substituted carbon atom. Based on these findings, 
the report indicated that the stereochemistry of the ami- 
noalcohol moiety was not significant in determining an- 
timuscarinic activity. 


Previous work ($6) demonstrated that oxime deriva- 
tives are useful model compounds for the study of struc- 
ture-activity relationships. More recent studies related 
geometric (7,8) and enantiomeric (8) isomerism in oxime 
0-ethers to their anticholinergic activity. These findings 
(a), however, were not in complete agreement with earlier 
reports (1-3) concerning the stereochemical significance 
of the aminoalcohol moiety in determining antimuscarinic 
potency. 


The present study was a further investigation of the 


possible relationships between structural and stereo- 
chemical properties and antimuscarinic activity among 
oxime 0-ethers. Selected isomeric and nonisomeric oxime 
0-ethers of thioxanthone oxime (Table I) were synthe- 
sized, and a preliminary pharmacological evaluation was 
conducted to determined their antimuscarinic activity. 


DISCUSSION 


Preparation of the oxime directly from thioxanthone was attempted 
uia methods described by Gomer et a/. (6). for the synthesis of xan- 
thoxime, and Wylie et a/. (9), for the preparation of benzophenone oxime, 
but was unsuccessful. This failure can be explained by the fact that, in 
thioxanthone, the carbonyl carbon is considerably less electrophilic and, 
therefore, less susceptible to nucleophilic attack by the hydroxylamine 
nitrogen. Subsequently, thioxanthone oxime was prepared by a modified 
method of Nagrajan et a/. (10). Accordingly, thioxanthone was converted 
first to the thione by refluxing it with excess phosphorus pentasulfide 
in xylene. The thione then was refluxed with hydroxylamine hydro- 
chloride and potassium t -butoxide in anhydrous ethanol to yield the 
oxime in fair yields. Based on the reported mechanism (8 , l l )  involved 
in the synthesis of oximes from highly aromatic ketones, a general base- 
catalyzed mechanism was proposed for the synthesis of thioxanthone 
oxime. The oxime was quite unstable when exposed to direct sunlight, 
decomposing to the ketone. The major steps involved in the synthesis 
of the oxime and the oxime 0-ethers are depicted in Scheme I. 


The oxime 0-ethers included in this study (Table I) were prepared uia 
0-alkylation of the oximate anion with the appropriate aminoalkyl ha- 
lides. The mechanism of 0-alkylation involves a nucleophilic attack by 
the base-generated anionic oximate species on the aminoalkyl halide, 
resulting in the displacement of the halide ion (12). 


The procedure of Huerta et a / .  (8) was used to prepare the a- and 
0-methylcholine 0-ethers of the oxime. Accordingly, 2-chloro-N.N- 


RX = aminoalkyl halide 
Scheme I 
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Table I-Oxime 0-Aminoalkyl Ethers N \o/R 


Compounda Yield, % R 
IR Datac, cm-I NMR Data*, ppm 


NCHz N(CH& Aromatic H C=N C-0 N-0' OCHz 


I 40 - ~ z C ~ ( C ~  4.37 2.73 2.20 7.13-8.60 1640 1030 


1620 1030 


111 70 --CH&H,CH&(CH& 4.16 2.50-1.508 2.13 6.90-8.17 1640 1030 


I1 40 <N-C& 4.42-3.92d 2.75-1.58e 2.15f 7.00-8.43 


(&)-IV 31 -rn,CHN(C&), 4.67-4.00 3.25-2.83" 2.33 7.2058.57 1620 1040, 
I 1030 
CHs 


15 -CHCH$T(C&k 4.83-4.42d 2.83-2.40 2.38 7.17-8.30 1640 1065, 
I 1030 


W - V  


CHS 


980 


980 


980 


980 


980 


Chromatographed on silica gel dry column. b Chemical shifts are expressed as 6; deuterochloroform was used as the solvent in all determinations except with I1 where 
carbon tetrachloride was used. Frequency of absorptions for neat samples. The OCH proton. The N(CH2)z and C(CH& protons. f The NCHB protons. 8 The NCH2CHz 
protons. The NCH proton. 


Table 11-Oxime 0-(a-Methylcholinyl) Ether Tartrates and  Methylbromides 


Recrystallization Melting Empirical Analysis, 7% 
Compound Solvent Point tffl:: Formula Calc. Found 


56.98 C 57.13 IV-Tartrate Ethanol 118-1200 +8.13' ~zzHzsNz07S 
H 5.67 5.71 
N 6.06 5.98 


(+)-IV * CH3Br Isopropyl alcohol- 219-220' +16.33 C19H23BrNzOS C 56.02 56.20 
isopropyl ether H 5.69 5.80 


N 6.88 6.81 
57.17 C 57.13 IV-Tartrate Isopropyl alcohol- 128-130° +18.60° CzzHz6Nz07S 


isopropyl ether H 5.67 5.80 
N 6.06 5.79 


H 5.69 5.85 
N 6.88 6.58 


(-)-IV - CH3Br Isopropyl alcohol 21&218' -16.43' C19H23BrNzOS C 56.02 55.73 


dimethylpropylamine was used as the alkylating agent, resulting in the 
synthesis of both structural isomers (IV and V) in the same reaction 
mixture. The proposed mechanism (13) implicates the generation of a 
cyclic aziridinium-ion intermediate, followed by a nucleophilic attack 
by the oximate anion on the two possible nucleophilic sites of the cyclic 
aziridinium ion. An attack on the secondary carbon results in the for- 
mation of the a-methyl isomer (IV), and a corresponding attack on the 
tertiary carbon results in the @-methyl isomer (V). I t  was apparent from 
the a-@ isomeric ratio that a nucleophilic attack on the secondary carbon 
of the aziridinium ion was favored. 


An attempt to separate the structural isomers by high-vacuum distil- 
lation failed because of the high thermal decomposition of the oily mix- 
ture. Dry-column chromatography was effective for large-scale separa- 
tion. This technique allowed direct application of the optimal conditions, 
previously determined by using TLC, to a column adsorbent of the same 
composition. The separation and purification of the structural isomers 
were monitored by TLC, and they were identified conclusively based on 
their NMR and IR spectra. 


The NMR spectral data were particularly conclusive. In the a-methyl 
isomer, the a-methyl group is influenced only by the methine proton 
adjacent to the amino nitrogen; thus, it was represented by a doublet peak 
a t  6 1.10. The corresponding doublet for the @-methyl group in the 
@-methyl isomer appeared slightly downfield a t  d 1.40, indicating that 
the methine group influencing the b-methyl group must be adjacent to 
the ether oxygen. Other differences in the NMR spectra also were useful 
in assigning the correct structures (Table I) .  


Resolution of the racemic a-methyl structural isomer into its respective 
enantiomers was accomplished by preparing diastereomeric salts with 
tartaric acid, followed by repeated recrystallizations until each diaste- 
reomer exhibited a constant melting point and specific rotation. The 
enantiomeric free bases were liberated from the diastereomers separately 
by treatment with triethylamine and derivatized to their respective 
methyl bromide salts. These methyl bromide salts, after several recrys- 
tallizations, exhibited essentially equal but opposite sperific rotations. 
All of the established criteria (14) for confirming the relative optical 
purity of enantiomers were met during resolution. Elemental analyses 


and optical rotation data of the diastereomers and enantiomers are 
summarized in Table 11. 


The /3-methyl isomer was not resolved because preliminary pharma- 
cological screening indicated that the a-methyl isomer was several times 
more potent as an antimuscarinic agent. The chemical purity and 
structural characterizations of the oxime 0-ether methyl halide deriva- 
tives prepared were confirmed by elemental analyses (Table 111). 


EXPERIMENTAL' 


Oxime-Thimanthone Oxime-A previous method (10) was adopted 
with modifications. Thioxanthone (212 g, 1 mole) was combined with 
distilled phosphorus pentasulfide (444 g, 2 moles) and refluxed in xylene 
(ZOO0 ml) for 24 hr. The reaction was monitored with TLC using benzene 
as the developing solvent. The reaction mixture was filtered while hot, 
and the filtrate was washed quickly with five 100-ml portions of 2 N 
NaOH followed by five 100-ml portions of distilled water. The filtrate 
was evaporated under reduced pressure, and the resulting residue was 
recrystallized from hot absolute ethanol. The crystalline material, 
thioxanthione (160 g, 70%), melted a t  167-168' [lit. (10) mp 168'). 


Potassium t-butoxide (224 g, 2 moles) was added in small portions to 
a stirred solution of thioxanthione (160 g, 0.7 mole) in absolute ethanol 
(1000 ml). Hydroxylamine hydrochloride (140 g, 2 moles) was added to 
this stirred mixture, which then was refluxed for 8 hr. The reaction 
mixture was filtered while hot, and the filtrate was evaporated under 
reduced pressure. The resulting residue was washed several times with 
xylene and then recrystallized from hot benzene. The analytically pure 
oxime (63 g, 40%) melted at 193-194' [lit. (10) mp 192-193'1; IR (KBr 


Melting points were determined on a Thomas-Hoover Uni-Melt apparatus and 
are uncorrected. A Beckman IR-8 spedrophotometer was used to obtain IR s 
Proton NMR spectra were obtained on JEOL C-6OHL and Perkin-Elmer 
spectrometera with tetramethykilane and dimethyl sdfoxide as intemaI standards. 
Optical rotation data were obtained on a Perkin-Elmer 141 polarimeter. Elemental 
analyses were performed by Schwankopf Microanalytical Laboratories, Woodside, 
N.Y. Pharmacological determinations were made on a Marco physiograph desk 
model DMP-4A. 
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Table 111-Quaternary Oxime 0-Aminoalkyl Ether Methyl 
Halides 


Empirical Analysis, % 
Compound Melting Point Formula Calc. Found 


1. CH3Br 


1 * CH3I 


I1 - CH3Br 


I11 - CH3Br 


(&)-IV - CH3Br 


(zt)-IV CH3I 


(&)-V - CH3Br 


(&)-V - CH3I 


233-234.5' 


223-225' 


277-278' 


211-212.5' 


218-219' 


177-179' 


209-21 1' 


176-178' 


C 54.96 55.25 
H 5.38 5.42 
N 7.12 7.18 
C 49.09 49.29 
H 4.81 4.90 
N 6.36 6.34 
C 57.28 56.99 .~ 


H -5.53 5.6i 
N 6.68 6.72 
C 56.02 55.76 
H 5.69 5.90 
N 6.88 6.77 
C 56.02 55.89 
H 5.69 5.79 
N 6.88 6.72 
C 50.22 50.46 
H 5.10 5.23 
N 6.17 6.20 
C 56.02 56.07 
H 5.69 5.85 
N 6.88 6.93 
C 50.22 49.84 
H 5.10 4.90 
N 6.17 5.90 


~~~ 


disk): 1620 (C=N) and 980 (N-0) cm-'; NMR (dimethylsulfoxide-&): 
6 7.13-8.50 (m, 8H, aromatic H) and 13.07 (8,  lH,  NOH). 


Oxirne 0-Ethers-Elemental analyses data and appropriate physical 
constants for all final compounds are summarized in Tables 1-111. 


Thioxanthone Oxime 0-( N-Dimethylaminoethyl) Ether (I) and 
Methyl Halides-The oxime (7.95 g, 0.035 mole) was dissolved in warm 
absolute ethanol (100 ml) and placed in a three-necked round-bottom 
flask. Sodium hydride (3.28 g of a 51.6% mineral oil dispersion, 0.07 mole) 
was added in small portions to the stirred solution. 2-Chloro-N,N-di- 
methylethylamine hydrochloride (1.89 g, 0.035 mole) was dissolved in 
hot absolute ethanol (100 ml) and added dropwise to the reaction mixture 
over 30 min. The stirred mixture was refluxed for 72 hr and filtered while 
hot. The filtrate was evaporated under reduced pressure, and the re- 
sulting oily residue was dissolved in petroleum ether. The solution was 
filtered, and the solvent was evaporated under reduced pressure. 


The oily product (6.27 g, 60%) was purified further via dry-column 
chromatography after proper conditions (with respect to solvent and 
column material) were established with silica gel TLC. A 50.8-cm strip 
of nylon column was packed with silica gel powder (300 g, 60-200 mesh), 
and the crude oily product was eluted with ethyl acetate-methanol (1O:l). 
The elution was stopped when the solvent front reached the bottom of 
the column, which then was sliced into 2.54-cm sections. The contents 
of each section were extruded into separate beakers and extracted with 
absolute ethanol (25 ml). The extract in each beaker was analyzed by 
TLC, and the extracts containing the pure oxime 0-ether were combined. 
The combined extracts were filtered, and the filtrate was evaporated 
under reduced pressure. The oily residue was dissolved in petroleum 
ether, and the mixture was filtered. Then the solvent was evaporated 
under reduced pressure to yield the pure oxime 0-ether (4.37 g, 40%). 


The methy bromide derivative (I - CH3Br) was prepared by treating 
a solution of the free base in absolute ethanol with excess methyl bromide. 
The mixture was placed in a freezer for 24 hr, and the resulting precipitate 
was collected on a filter. Recrystallization from absolute ethanol yielded 
an analytically pure sample, mp 233-234.5'. The methyl iodide derivative 
was prepared similarly by treating a solution of the free base in absolute 
ethanol with excess methyl iodide, mp 223-225'. 


Thioxanthone Oxime 0-[4-( 1-Methylpiperidinyl)] Ether (11) and 
Methyl Bromide Derivative-Sodium hydride (1.6 g of a 51.6% mineral 
oil dispersion, 0.034 mole) was added in small portions to a stirred solution 
of the oxime (3.85 g, 0.017 mole) in dimethyl sulfoxide (100 ml). 4- 
Chloro-1-methylpiperidine hydrochloride (2.08 g, 0.017 mole) was added 
to the stirred mixture in small portions. Then the mixture was refluxed 
for 4 hr, treated with distilled water (200 ml), and extracted with five 
100-ml portions of chloroform. The combined chloroform extracts were 
washed twice with distilled water (100 ml) and dried over anhydrous 
calcium carbonate. The mixture was filtered, and the solvent was evap- 
orated under reduced pressure. The crude oily material, on purification 
via dry-column chromatography using ethyl acetate-petroleum ether- 
ethanol (l:l:O.l), yielded the pure oxime 0-ether (2.2 g, 40%). The methyl 


bromide derivative was prepared and recrystallized from absolute eth- 
anol, mp 277-278'. 


Thioxanthone Oxime 0-( N-Dimethylaminopropyl) Ether (111) 
and Methyl Bromide Derivative-The procedure described for the 
synthesis of I1 was adopted for the synthesis of 111. Sodium hydride (1.9 
g of a 51.6% mineral oil dispersion, 0.04 mole) and 3-chloro-N,N-di- 
methylpropylamine hydrochloride (3.2 g, 0.02 mole) were added to a 
stirred solution of the oxime (4.54 g, 0.02 mole) in dimethyl sulfoxide, and 
the mixture was refluxed for 4 hr. The reaction mixture was combined 
with distilled water (200 ml) and extracted with five 100-ml portions of 
chloroform. The combined chloroform extracts were washed twice with 
distilled water (100 ml) and dried over anhydrous calcium carbonate. The 
mixture was filtered, and the solvent was evaporated under reduced 
pressure. The resulting crude product, on purification uia dry-column 
chromatography using ethyl acetate-petroleum ether-ethanol (l:l:O.l), 
yielded the pure oxime 0-ether (4.4 g, 70%). The methyl bromide deriv- 
ative was prepared and recrystallized from absolute ethanol, mp 211- 
212.5'. 


Thioxanthone Oxime 0-(a- and 8-Methylcholinyl) Ethers (IV 
and V) and Methyl Halide Derivatives-A reported method (8) was 
adopted. Sodium hydride (9.3 g of a 51.6% mineral oil dispersion, 0.2 
mole) was added in small portions to a stirred solution of the oxime (20.30 
g, 0.1 mole) in absolute ethanol. A solution of 2-chloro-N,N-dimethy1- 
propylamine hydrochloride (15.8 g, 0.1 mole) in absolute ethanol was 
added dropwise to the stirred, refluxing, reaction mixture over 1 hr. The 
mixture was refluxed further for 12 hr, during which the reaction was 
monitored with TLC using ethyl acetate-petroleum ether-ethanol (1: 
1:O.l). The hot reaction mixture was filtered, and the filtrate was evap- 
orated under reduced pressure. The resulting oily residue was extracted 
with isopropyl ether, and the combined extracts were filtered. Evapo- 
ration of the solvent under reduced pressure yielded a crude oily mixture 
of the a- and P-methyl structural isomers (21.88 g, 70%). 


Separation and Isolation of Structural Isomers-The initial sep- 
aration of the structural isomers was accomplished on a small scale, with 
silica gel TLC using ethyl acetabpetroleum ether-ethanol(1:l:O.l). One 
isomer had an Rf value of 0.14, and the other isomer exhibited an Rf value 
of 0.28. These TLC results were applied directly to silica gel dry-column 
chromatography for the large-scale separation. A 91.4-cm nylon column 
was packed with silica gel (1200 g, 60-200 mesh) powder, previously ac- 
tivated at  115' for 1 hr. The isomeric mixture (20 g) was adsorbed on a 
separate portion of adsorbent and added to the top of the column. The 
column then was eluted with a solvent mixture identical to the one used 
during TLC separation. Development of the column was stopped when 
the solvent front reached the bottom of the column. The column then was 
cut into 2.54-cm sections, and the adsorbent in each section was extracted 
with absolute ethanol into separate beakers. 


The contents of each beaker were analyzed by TLC, and extracts 
containing a single compound with identical Rf values were combined 
and filtered. Evaporation of the filtrates under reduced pressure yielded 
the pure a-methyl (9.5 g) and P-methyl(4.5 g) isomers. Based on their 
IR and NMR spectral data, the isomer with an Rf value of 0.14 was 
identified as the a-methyl isomer; the isomer with an Rf value of 0.28 was 
identified as the &methyl isomer. The IR spectrum of the a-isomer ex- 
hibited a charcteristic C=O stretching band at  1040 cm-', while the 
@-isomer had a corresponding band at  1065 cm-'. The NMR spectrum 
of the a-isomer exhibited a characteristic doublet at 6 1.10 for the 
a-methyl protons, while the corresponding doublet for the 0-methyl 
protons appeared further downfield at 6 1.40 due to the greater influence 
of the oxygen atom. Other characteristic differences also were observed 
in the NMR spectra (Table I) of these structural isomers. 


Methyl bromide and methyl iodide derivatives were prepared. The 
analytically pure methyl bromide derivative of the racemic a-methyl 
isomer melted at  218-219', and the methyl iodide derivative melted at 
177-179'. The analytically pure methyl bromide derivative of the racemic 
P-methyl isomer melted at  209-211", and the methyl iodide derivative 
melted at  176-178'. 


Resolution-The racemic a-methyl isomer (6.72 g, 0.018 mole) was 
dissolved in absolute ethanol (50 ml), and the solution was combined with 
an equimolar solution of tartaric acid (5.02 g, 0.018 mole) in absolute 
ethanol (50 ml). The mixture was stirred for 4 hr and allowed to stand 
for 24 hr. Since no precipitate formed, anhydrous ether was added to the 
solution, and the mixture was allowed to stand for an additional 12 hr. 
The resulting crystalline precipitate was collected on a filter and washed 
several times with anhydrous ether. The crystalline material (9.6 g, mp 
110-127') was redissolved in hot absolute ethanol (30 ml), and the so- 
lution was allowed to stand for 8 hr. 


The resulting precipitate was recrystallized five times from hot absolute 
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ethanol to yield a crystalline product 12.0 g, mp 128-130', [a]? +18.60' 
(c, 1.5%, absolute methanol)\. The combined filtrate remaining after 
isolation of the pure diastereomer (mp 128-130') was evaporated under 
reduced pressure. The residue (6.6 g) was dissolved in hot isopropyl al- 
cohol (30 ml) and allowed to stand at  room temperature for 12 hr. The 
precipitate (0.6 g, mp 12&130°) was filtered off, and anhydrous isopropyl 
ether was added to the filtrate. The precipitate formed, after the solution 
was allowed to stand for 12 hr, it was collected and recrystallized three 
times from isopropyl alcohol-isopropyl ether {2.5 g, mp 118-120", [a]? 
+8.13" (c, 2.5%, absolute methanol)). 


The methyl bromide derivative of (+)-IV was prepared from the lower 
melting diastereomer after regeneration of the free base. The diaste- 
reomer (2.5 g) was dissolved in distilled water (20 ml), and the solution 
was treated with excess triethylamine. The mixture was stirred for 1 hr, 
and anhydrous isopropyl ether (20 ml) was added. The mixture then was 
stirred for 30 min. The isopropyl ether layer was isolated, and the aqueous 
layer was extracted twice with isopropyl ether (10 ml). The isopropyl 
ether extracts were combined, dried over calcium carbonate, and filtered, 
and the solvent was evaporated under reduced pressure. The resulting 
oily residue was redissolved in anhydrous isopropyl ether (20 ml), and 
the solution was treated with excess methyl bromide. The mixture was 
placed in a freezer for 24 hr, and the resulting precipitate (1.2 g, mp 
217-220') was recrystallized four times from isopropyl alcohol-isopropyl 
ether 10.4 g, mp 219-220', [a]! +16.33' (c, 5%, absolute methanol)}. 


The methyl bromide derivative of (-)-IV was prepared from the higher 
melting diastereomer after regeneration of the free base. Excess trieth- 
ylamine was added to the diastereomer (2.6 g) in distilled water (20 ml). 
The mixture then was stirred for 1 hr, isopropyl ether was added, and the 
mixture was stirred for an additional 30 min. The isopropyl ether layer 
was isolated, and the aqueous layer was extracted twice with isopropyl 
ether (10 ml). The combined extracts were dried over anhydrous calcium 
carbonate and filtered, and the solvent was evaporated under reduced 
pressure. The oily residue was dissolved in anhydrous isopropyl ether, 
and the solution was treated with excess methyl bromide. The mixture 
was placed in a freezer for 24 hr, and the resulting precipitate (1.6 g, mp 
206-212") was collected and recrystallized three times from isopropyl 
alcohol (0.5 g, mp 216-218', [a].: -16.43' (c, 5%, absolute methanol)]. 


Melting points, optical rotation data, and elemental analyses of the 
diastereomers (tartrates) and enantiomers (methyl bromide) of the 
a-methyl isomer (IV) are presented in Table 11. 


PHARMACOLOGY 


Methyl bromide derivatives of the synthesized isomeric and non- 
isomeric oxime 0-ethers were evaluated for antimuscarinic (spasmolytic) 
activity. Various test compound concentrations were used to obtain re- 
cordable dose-response curves. The spasmogen (urecholine) concen- 
tration was 2.55 X mmole/90 ml for each dose increment. The at- 
ropine sulfate concentration used in all determinations was 2.00 X 
mmole/9O ml. All test solutions were freshly prepared aqueous solu- 
tions. 


Method-The method involved measurement of the inhibition (by 
a spasmolytic agent) of a spasmogen-induced contraction in a smooth 
muscle tissue (rat ileum) (15). The apparatus consisted of a glass cylinder 
(100-mi capacity) with an inlet for introducing the Tyrode bathing so- 
lution (90 ml) and an outlet for drainage. The bath solution was aerated 
continuously. The smooth muscle tissues were uniform strips of ileum 
taken from an unanesthetized, recently sacrificed, albino rat. The normal 
contractions of the ileum (0% response) were recorded on a physiograph 
through a myograph transducer. The spasmogen-induced contractions 
were produced by successive additions of the spasmogen dose increments 
at regular intervals until maximum response (100%) was achieved. There 
were no washes between the cumulative additions of the spasmogen. 


Determination of antimuscarinic activity of the test compounds was 
initiated with a standard spasmogen curve, as already described, followed 
by washings of the muscle tissue. After the muscle strip had resumed its 
natural, spontaneous contractions, an appropriate dose of the test com- 
pound or atropine sulfate was introduced into the bath solution. After 
a brief interval (1.5 min), spasmogen dose increments were added to the 
bath until maximum response was achieved. The muscle strip then was 
washed and the whole process was repeated after 5-10 min for the next 
determination. 


The data (percent response) were plotted on a probability scale (or- 
dinate) versus the log of the spasmogen dose, in micromoles per 90 ml 
(abscissa). The spasmogen dose necessary to elicit a 50% response (ED50) 
after pretreatment with the respective test compound or atropine sulfate 
was determined graphically. The relative potencies of the tat compounds 


Table IV-Summary of Pharmacological Data a 


Isomerice 
Dose b ,  ED5oC, Relatived Potency 


Compound mM/90 ml mM Potency Ratio 
I .  CHqBr 5.00 X 3.23 X 0.074 - 


5.00 x io-6 2.26 x 10-3 0.052 - I1 -CH3Br 
111 - CH3Br 5.00 X 1.46 X 0.033 
(A)-IV - CH3Br 1.00 X 2.44 X 0.279 - 
(&)-V. CHnBr 5.00 X 1.25 X 0.029 9.62 


- 


i+j-Iv. CH3Br LOO x 10-6 2.33 x 10-3 - 1.09 
(-)-We CH3Br 1.00 x 2.12 x - - 


a Four consecutive determinations using the same muscle strip were made for 
each compound. * Dose of spasmolytic agent. Spasmogen dose necessary to elicit 
a 50% response after pretreatment with the spasmolytic agent. Spasmolytic ac- 
tivity of the test compound when compared with the spasmolytic activity of atropine 
sulfate. Comparison of spasmolytic activities of the isomers based on their re- 
spective EDso. 


were calculated by comparing their respective ED50 values with those 
of atropine sulfate. The pharmacological data are summarized in Table 
IV. 


Results-All test compounds exhibited significant antimuscarinic 
activity (Table IV). Among the compounds tested, (&)-IV was the most 
potent (1/3 as potent as atropine sulfate) and (&)-V was the least potent 
(1/35 as potent as atropine sulfate). 


The fact that (&)-IV was at  least five times more potent than the cor- 
responding 0-(a-methylcholinyl) ether derivative of benzophenone 
oxime, which was reported (16) to be 1/22 as potent as atropine sulfate, 
indicated that the introduction of a sulfur atom in the umbrella-like 
portion of the oxime 0-ether increased its antimuscarinic activity. This 
observation may indicate that the flat, nonpolar area of the muscarinic 
receptor, with which the umbrella-like moiety is believed to interact, is 
fairly extensive. 


Compounds I, 11, and 111 were 1/14,1/19, and 1/30 as potent as atropine 
sulfate, respectively. The data indicate that antimuscarinic activity is 
optimal when a two-atom 0-alkyl chain separates the ether oxygen from 
the amino nitrogen. 


The fact that the racemic a-methyl isomer, (zk)-IV, was considerably 
more potent than the racemic 0-methyl isomer, (&)-V, was in agreement 
with previous reports (2,3,8). Furthermore, (&)-IV was more potent than 
the unsubstituted 0-cholinyl ether derivative, I. These observations, 
coupled with the fact (17) that, at the receptor site involved, the activity 
of an antagonist is determined by its ability to bind with the receptor, 
may explain the a-methyl group's overall positive effect on the binding 
of (&)-IV with the muscarinic receptor. Such a contribution could be due 
to the production of a preferred conformation or to binding at  an addi- 
tional site on the receptor. The fact that the @-methyl isomer was less 
active than I would lead to an opposite conclusion: that the &methyl 
group makes a negative overall contribution to the binding of (&)-V with 
the receptor. 


It may be that the relatively large potency difference between the 
structural isomers cannot be due merely to binding or failure to bind of 
the methyl group but rather to the effect of the methyl group on binding 
of the rest of the molecule with the receptor. Such a conclusion would be 
entirely consistent with earlier reports (17-19) which observed that ap- 
parently minor structural changes in a compound can produce unusually 
large differences in affinities for the muscarinic receptor; such differences 
cannot be attributed to binding or failure to bind of any one group but 
rather are due to marked changes in the binding ability of the rest of the 
molecule. 


Finally, no significant enantiomeric potency ratio was observed be- 
tween (+)-IV and (-)-IV, which is consistent with earlier reports (3,8). 
It may be concluded that the a-methyl group contributed positively to 
the binding of the rest of the molecule; however, configurational changes 
in the a-carbon atom did not alter significantly the binding of the rest 
of the molecule with the muscarinic receptor. Hence, no significant po- 
tency ratio was observed between the enantiomers. 
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Abstract 0 The in uitro release profiles of the F-series of prostaglandins 
were determined from a silicone rubber matrix of constant surface area. 
Silicone rubber was selective toward prostaglandin transport and offers 
potential as a controlled-release delivery system. Drug release patterns 
were dependent on the lipophilicity of the prostaglandin molecule. For 
dinoprost (prostaglandin Fzol), the following sequence was observed: 
methyl ester > free acid > tromethamine salt. The biologically potent 
carboprost methyl ((15S)-15-methylprostaglandin Fan methyl ester] was 
released considerably faster than the methyl ester of the parent dinoprost 
molecule, while release of the tromethamine salts of the two prosta- 
glandins was similar. Permeability rates of the salts were depressed 
substantially when compared to their respective C-1 methyl esters. Re- 
sults from independent membrane transport studies supported the ob- 
served dependence of steady-state flux on the chemical structure of the 
prostaglandin molecule. Plots of the amount released per unit area uersus 
the square root of time were linear except for the initial drug release 
phase, and the total amount of prostaglandin released increased as the 
initial loading dose was raised. The data were analyzed according to a 
physical model describing drug release from inert matrix systems. The 
observed concentration dependence was consistent with the predictions 
of the model. 


Keyphrases Prostaglandins-transport through silicone rubber, effect 
of lipophilicity, in uitro release profiles Dinoprost-transport through 
silicone rubber o Carboprost-transport through silicone rubber 0 
Controlled-release delivery-transport of prostaglandins through silicone 
rubber Dosage forms-transport of prostaglandins through silicone 
rubber 


Prostaglandins are a class of C Z ~  lipid-like substances 
that produce a wide spectrum of biological responses (1). 
Their clinical application in fertility control is well rec- 
ognized since they possess luteolytic and abortifacient 
properties, alter ovum transport, and induce menses (2). 
Naturally occurring dinoprostl (prostaglandin F2J and 
dinoprostone2 (prostaglandin E2) have been tested clini- 
cally by numerous routes of administration in solution, 
tablet, and suppository dosage forms. The (15S)-15-methyl 
analogs also are being explored as fertility-regulating 
agents and are considerably more potent (3,4). 


~~ ~ ~ ~ ~~ ~~~ 


Prostin Fz alpha, The Upjohn Co., Kalamazoo, MI 49001. 
Prostin Ez, The Upjohn Co., Kalamazoo, MI 49001. 


Intrauterine administration reduces undesirable side 
effects associated with the systemic intravenous route since 
drug is delivered closer to the uterus. The vaginal route, 
however, allows for self-administration, and it has been 
used successfully to terminate pregnancy with dino- 
prostone suppositories given by a multiple-dosing regimen 
( 5 )  and with a single carboprost methyl3 [(15S)-15- 
methylprostaglandin Faa methyl ester] vaginal suppository 
(6). 


BACKGROUND 


Studies in these laboratories have been directed toward the develop- 
ment of a prostaglandin delivery module that can be self-administered, 
is reversible, and provides continuous drug release for the treatment 
period following a single administration. Structural modifications of 
polymeric materials have been made to attain satisfactory prostaglandin 
release rates. 


Nuwayser and Williams (7) showed that the permeability rate of di- 
noprost in deacetylated cellulose acetate was much greater than in other 
cellulose derivatives; in the rabbit, Akkapeddi et al. (8) demonstrated 
the abortifacient effectiveness of dinoprost and dinoprostone when in- 
corporated into a series of hydrophilic polymeric materials. Polyacryl- 
amide and polyvinylpyrrolidone gels containing dinoprostone or dino- 
prost also were effective in fertility control in several animal systems 
(9-12). Silicone rubber, however, was impervious to dinoprost transport 
and was discounted as a possible delivery system (9). Yet Spilman and 
Roseman (13) showed that silicone vaginal rings impregnated with car- 
boprost methyl were effective in producing increased uterine muscle 
activity, luteolysis, and abortion in the Rhesus monkey. 


The delivery system design, therefore, not only depends on the delivery 
module but also on the chemical form of the drug molecule. The present 
article provides a physicochemical analysis of the transport mechanism 
of prostaglandins through silicone rubber. The influence of lipophilicity 
on release is a dominant factor in assessing the utility of silicone rubber 
as a delivery system. In this regard, these findings parallel an earlier study 
with steroids (14). 


EXPERIMENTAL 


The prostaglandins4, dinoprost, dinoprost tromethamine, dinoprost 


Prostin M115, The Upjohn Co., Kalamazoo, MI 49001. 
Supplied by the Pharmaceutical Research and Development Division, The 


Upjohn Co., Kalamazoo, MI 49001. 
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Abstract 0 A reported fluorometric method to determine tetracyclines 
in biological material was modified to determine low levels of the anti- 
biotics when using only small amounts of starting material. The method 
is applicable to tissue distribution studies in small experimental animals 
and also can be used for serial determinations in blood samples of these 
animals and for biopsy material. The tetracyclines are extracted in the 
presence of ethylenediaminetetraacetic acid, and the phosphate pre- 
cipitation steps are omitted. This omission makes the procedure con- 
siderably less time consuming. The recoveries of the tetracyclines, oxy- 
tetracycline and doxycycline, are -&WlOO%. The values obtained by this 
method were consistent with those from microbiological assays, and its 
reliability was shown further in a comparison with the fate of radioactive 
tetracycline. 


Keyphrases 0 Tetracyclines-fluorometric determination in small 
blood and tissue samples 0 Oxytetracycline-fluorometric determination 
in small blood and tissue samples Doxycycline-fluorometric deter- 
mination in small blood and tissue samples Fluorometry-analysis, 
tetracyclines in small blood and tissue samples 


Several methods are available to determine the amount 
of tetracycline in biological material. Microbiological as- 
says often are preferred even though their precision is low 
and data can be obtained only after prolonged incubation 
(1). 


Spectrophotometric methods (2) are insensitive, and 
interference from other material cannot always be ex- 
cluded. High-pressure liquid chromatography (HPLC) (3) 
and polarographic analysis (4) of tetracyclines also have 
been described, but they require special equipment. Flu- 
orometric analysis is relatively simple and specific for the 
tetracyclines (5,6). 


BACKGROUND 


Studies have been made of the inhibition of mitochondrial protein 
synthesis by tetracyclines and the consequences of this inhibition on the 
functional activity of cells, tissues, and whole animals (7-10). Because 
of the many other possible effects of tetracyclines, which occur mainly 
at drug concentrations much higher than those a t  which mitochondrial 
protein synthesis is impaired, careful control of tetracycline levels and 
amounts is necessary in such studies. 


For these reasons, the fluorometric method described by Poiger and 
Schlatter (6) was selected for measurement of tetracycline concentrations 
in tissues and serum samples of rats after prolonged drug administration. 
This method is based on buffer extraction of tetracyclines from blood 
and tissue samples. After deproteinization and elimination of phosphates, 
the tetracyclines are extracted into an organic solvent as ion-pairs with 
calcium and trichloroacetate ions. Fluorescence of the tetracyclines is 
induced by the addition of a base and magnesium ions. The method gives 
reproducible results, although the recoveries are low-on the order of 
3540% for tetracycline and chlortetracycline. Only for oxytetracycline 
was 6070 recovery from serum recorded (6). 


A major disadvantage of the method is the large quantity of material 
required (3 ml of serum or 2 g of tissue). Therefore, the amounts of tet- 
racyclines in blood and tissue samples of experimental animals such as 
mice and rats are difficult to determine with this method. By critical 
evaluation of the various steps of the method, it was possible to modify 
it in a way that allows the detection of small amounts of the tetracyclines 
in as little as 0.2 ml of serum or 50 mg (wet weight) of tissue. 


EXPERIMENTAL 


Chemicals and Antibiotics-All chemicals were analytical grade. 
Oxytetracycline' (as hydrochloride), doxycycline2 (as hydrochloride), 
and [7-3H-(N)]tetracycline3 (0.94 Ci/mmole) were used as obtained. 


Experimental Animals and Preparation of Homogenates-In all 
recovery studies, after the addition of tetracyclines (oxytetracycline, 
doxycycline, or tetracycline), rat tissue homogenates or serum samples 
were incubated for 20 min a t  37O to obtain maximal binding. Tissue ho- 
mogenates were prepared in saline using a glass-polytef homogenizer. 


Extraction of Tetracyclines-Two milliliters of 0.1 M glycine- 
hydrochloric acid (pH 2) was added per milliliter of a 20% homogenate 
or dilutions thereof or per milliliter of serum with a known tetracycline 
content. Proteins were precipitated by the addition of 2 ml of 1 M tri- 
chloroacetic acid. The mixture was shaken vigorously and then centri- 
fuged. Four milliliters of the supernate was mixed with 1.2 ml of a solution 
containing sodium acetate (2 M )  and lead nitrate (0.06 M) and allowed 
to stand for 45 min at  room temperature before centrifugation. Then 0.85 
ml of saturated potassium iodide solution was added to 5 ml of the su- 
pernate, and the mixture was left for 15 min. After centrifugation, 5 ml 
of the supernate was mixed with 50 pl of 1 M calcium chloride and satu- 
rated with sodium chloride. 


The pH was adjusted to 9.5 with concentrated ammonia. After addition 
of 3 ml of ethyl acetate, the tetracycline was extracted by shaking the 
mixture for 1.5 min. Deviations from this general procedure will be in- 
dicated. 


Fluorescence Measurements-Fluorescence of tetracyclines ex- 
tracted into the organic layer was induced by adding 0.5 ml of a solution 
containing 200 mg of barbital sodium and 600 mg of magnesium acetate 
in 100 ml of methanol to 3 ml of the ethyl acetate extract just prior to the 
measurement of fluorescence. When small amounts of tissue or serum 
were used, 1 ml of water, treated as for a sample containing tetracycline, 
was a suitable blank. In other cases, a sample of tissue or serum without 
tetracycline was used as a blank because of the background fluores- 
cence. 


After reading the fluorescence of a sample, a known amount of tetra- 
cycline was added to the cell to calculate the recovery of tetracycline from 
the sample. 


Fluorescence measurements were carried out on a fluorescence spec- 
tr~photometer~ equipped with a xenon arc lamp. The spectral bandwidth 
was 10 nm for both excitation and emission. The instrument settings were 
400 nm for excitation and 505 nm for emission. 


1 Vendarcin, Gist-Brocades, Delft, The Netherlands. 
Pfizer Inc., Brussels, Belgium. 
New Eneland Nuclear. Dreiech. West Germanv. 
Perkin-Elmer MPF-43, Charles Goffin, Maastricht-de Bilt, The Nether- 


lands. 
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Table I-Recovery of [3H]Tetracycline Measured after Every 
Ste of the Fluorometric Determination Procedure where 10 pg 
of [ P HITetracycline Was Added/5 ml of Homogenate (20% w/v) 


90 


80' 


70  


60 


8 


Recovery, % 
0.25 ml of 10 ml of 


- 


- 
- 


Step in Procedure Homogenate Homogenate 


50 


> 
8 40 
a 


30 


2 0 .  


~ 


After trichloroacetic acid precipitation 71 32 
After lead phosphate precipitation 100 87 
After lead iodide precipitation 91 93 
After ethyl acetate extraction 43 81 
Counting of radioactivity (net recovery) 28 25 
Fluorometric measurement (net recovery) 22 30 


Microbiological Assay-The tetracycline content of the tetracycline 
solutions was determined microbiologically by measuring the growth 
inhibition of Bacillus cereus D220 (11). 


Radioactivity Measurements-Tritiated tetracycline was used in 
some experiments. Radioactivity was counted in a liquid scintillation 
counter using various scintillators on xylene basis5. 


RESULTS AND DISCUSSION 


Recovery Studies with Labeled Tetracycline-To gain insight into 
the causes of the low recoveries found with the method of Poiger and 
Schlatter (6), the recovery of tritiated tetracycline after each step of the 
procedure was investigated. The method was applied to small (0.25-ml) 
and large (10-ml) amounts of a 20% (wlv) liver homogenate containing 
10 pg of [3H]tetracycline/g (wet weight) of tissue. 


A considerable amount of tetracycline was coprecipitated with the 
proteins, reducing the recovery in the supernate, especially if large 
amounts of homogenate were used (Table I). An important loss also was 
observed in the extraction of tetracycline into ethyl acetate, the reduced 
recovery in this step seemed to be inversely proportional to the amount 
of tissue present. Table I also shows that the values for the recovery based 
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VOLUME OF SERUM, mi 
Figure 1-Percentage recovery of I pg of oxytetracycline added to 
various amounts of human serum. Key: 0, recovery in the presence of 
75 mM ethylenediaminetetraacetic acid during glycine treatment of 
the samples; and A, recovery without the addition of ethylenedi- 
aminetetraacetic acid. 
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ETHY L E N m  AMlNETETRAACETlC ACID CONCENTRATtON, mM 
Figure 2-Recovery of 0.1 pg of oxytetracycline (0) or 0.1 pg of doxy- 
cycline (A) added to 0.2 ml of human serum (A), 0.25 ml of rat liver 
homogenute (20% w h )  (B), and 0.25 ml of rat kidney homogenate (20% 
wlv) (C). Recovery was measured in the presence of varying amounts 
of ethylenediaminetetraacetic acid. 


on the radioactivity and fluorescence measurements agree rather well. 
This finding indicates that the tetracycline is not decomposed during the 
procedure. 


Modification of the Poiger and Schlatter Method-Various 
mechanisms such as chelation have been proposed for the binding of 
tetracyclines, especially to proteins (12). Addition of ethylenedi- 
aminetetraacetic acid during the first extraction may influence these 
processes and improve the efficiency of the extraction as well. However, 
the presence of ethylenediaminetetraacetic acid also influences other 
steps in the procedure. Because of its chelating properties, addition of 
ethylenediaminetetraacetic acid results in the removal of lead ions. 
Precipitation of lead phosphate or lead iodide thus is counteracted if 
enough ethylenediaminetetraacetic acid is added. The presence of lead 
ions as well as of phosphates inhibits the extraction of tetracyclines into 
ethyl acetate. Especially in samples containing only a little phosphate, 
excess lead may not be removed completely after the addition of potas- 
sium iodide. This condition may lead to a lower recovery. Therefore, the 
effects of ethylenediaminetetraacetic acid on the recovery of tetracyclines 
from serum and tissues were investigated under various conditions. 


Figure 1 shows this effect for 1 pg of oxytetracycline added to various 
amounts of human serum. Ethylenediaminetetraacetic acid was added 
to the homogenate to give a final concentration of 75 mM together with 
the glycine. To measure the recovery of 1 pg of oxytetracycline added to 
2 ml of serum, only 3 ml of the supernate after trichloroacetic acid pre- 
cipitation was used. Before the addition of ethyl acetate, the calcium 
chloride concentration was raised to 150 mM to compensate for the high 
ethylenediaminetetraacetic acid content of the samples. Excess calcium 
chloride was used not only in the ethylenediaminetetraacetic acid-treated 
samples but also in the untreated ones. Recoveries varied with the amount 
of serum used (Table I). Ethylenediaminetetraacetic acid clearly im- 
proved the recovery, especially at the lower serum concentrations. Small 
amounts of serum and various organ homogenates incubated with dox- 
ycycline or oxytetracycline showed similar high recoveries if ethyl- 
enediaminetetraacetic acid was present during the glycine treatment (Fig. 
2). 


Figure 3 shows the result of treatment with ethylenediaminetetraacetic 
acid at  increasing concentrations, measured immediately after trichlo- 
roacetic acid precipitation, for different samples containing 0.1 pg of 
[3H]tetracycline. The presence of ethylenediaminetetraacetic acid im- 
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ETHYLENEDIAMINETETRAACETIG ACID CONCENTRATION, mM 
Figure 3-Recovery of 0.1 pg of [3H]tetracycline after trichloroacetic 
acid precipitation added to 0.1 ml of human serum (O), 1.0 ml of human 
serum (O), 0.25 ml of rat liver homogenate (20% W I U )  (a), and 0.5 ml 
of rat liver homogenate (20% wlu) (w). 
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20 40 60 80 
ETHYLENEDIAMINETETRAACETIC ACID CONCENTRATION, mM 
Figure 4-Recovery of I pg of doxycyclinelml of distilled water or 
phosphate buffer at different ethylenediarninetetraacetic acid con- 
centrations. Key: ., distilled water; and A, 75 mM potassium phos- 
phate buffer (pH 7.1). 


proved the recovery in this step in both serum and tissue but only to a 
small extent. The increase of -10% was already reached at  10 mM eth- 
ylenediaminetetraacetic acid. Figure 3 also illustrates that the recovery 
was lower if more biological material was used. 


Figure 4 shows the effect of ethylenediaminetetraacetic acid on the 
recovery of doxycycline in the presence and absence of 75 mM phosphate. 
Recovery was lowered from 80 to -20% by the addition of ethylenedi- 
aminetetraacetic acid in the presence of phosphate but was raised from 
15 to 90% in the absence of phosphate. It can be concluded that in the 
presence of phosphate and the absence of ethylenediaminetetraacetic 
acid, a large proportion of the lead ions are removed as lead phosphate, 
resulting in little lead iodide precipitation and negligible interference 
of phosphate or lead during the ethyl acetate extraction. In the presence 
of ethylenediaminetetraacetic acid and phosphate, the phosphate cannot 
be removed because of chelation of the lead ions. However, removal of 
phosphate is necessary because it strongly inhibits the extraction of 
tetracyclines into ethyl acetate (6). 


On the other hand, small amounts of tissue or serum contain little 
phosphate. The excess lead ions that are not precipitated as lead phos- 
phate now inhibit the extraction of tetracyclines into ethyl acetate. This 
implies that potassium iodide does not completely remove the lead ions. 
Addition of ethylenediaminetetraacetic acid seem to be more successful, 
resulting in much better recovery. Table I1 confirms these conclusions: 
the presence of ethylenediaminetetraacetic acid does improve the re- 
covery from small amounts of liver homogenate but has no net effect on 
the recovery from large amounts. 


In summary, it is obvious that the use of small samples of biological 
material, which contain little phosphate, to determine the tetracycline 
content of a particular sample offers several advantages, especially if the 
phosphate-precipitating steps are omitted. The procedure is less time 
consuming because of the omission of the phosphate-removing steps. 
Recoveries are between 80 and 100%. The high recoveries are the result 
of the low amount of trichloroacetic acid-precipitated material, which 
reduces the quantity of coprecipitated tetracycline, and of the avoidance 
of any loss caused by the unnecessary phosphate-precipitating steps. 


The reliability of the modified method is indicated by the comparison 
of recoveries obtained by fluorometric and radioactivity counting mea- 
surements (Tables I and 11). The recoveries were identical. A comparison 
of the amount of oxytetracycline measured fluorometrically and micro- 
biologically is shown in Fig. 5. 


Solutions of oxytetracycline in 0.9% NaCl at  different pH values were 
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Figure 5-Stability of solutions of different pH values containing 10 
pg of oxytetracycline fml. Key: 0, fluorometric assay; and A, microbi- 
ological assay. 


protected against light and kept at 20' for several days. The amount of 
oxytetracycline was determined fluorometrically and microbiologically 
on Days 1,4, and 7 after preparation of the solutions. 


Oxytetracycline values obtained fluorometrically are slightly elevated 
compared to those of the microbiological measurements, but the decrease 
in the oxytetracycline content is comparable. The stability of oxytetra- 
cycline depends on the pH of the solution (Fig. 5). Tetracycline solutions 
should be prepared fresh daily, unless it is possible to use an acid solution. 
For example, in tissue distribution studies, solutions of tetracyclines a t  
pH 2 seemea to be suitable (and stable) in continuous intravenous infu- 
sions for up to 4 days. The comparable results obtained by the microbi- 
ological, fluorometric, and radioactivity assays suggest that the modified 
fluorometric determination gives fully reliable results in this type of 
study. 


&ker and Estler (13,14) recently described a sensitive HPLC method 
for the determination of tetracyclines. The method presented in this 
paper has approximately the same sensitivity. It also is fast, and many 
samples can be handled a t  the same time. The HPLC method is more 
specific in that it discriminates among the various tetracyclines and their 
breakdown products. However, for most purposes such specificity is not 
required since a mixture of tetracyclines seldom is used. In the case of 
treatment with rolitetracycline, tetracycline can be formed. However, 


Table 11-Recovery of [3H]Tetracycline Measured in the 
Presence of Ethylenediaminetetraacetic Acid after Every Step 
of the Fluorometric Determination Procedure where 10 pg of 
[3H]Tetracycline Was Added/5 ml of Homogenate (20% w/v) 


Recovery, % 
0.25 ml of 10 ml of 


Step in Procedure Homogenate Homogenate 


After trichloroacetic acid precipitation 94 41 
After lead phos hate precipitation 100 100 


After ethyl acetate extraction 85 38 
After lead iod iz  precipitation 92 91 


Counting of radioactivity (net recovery) 77 17 
Fluorometric measurement (net recovery) 75 13 
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the antibacterial action of both antibiotics is similar. Moreover, the 
breakdown products comprise only a small (nondetectable) fraction of 
the tetracyclines after in viuo administration (14). In many cases, the 
fluorometric method, as presented here, may become the method of 
choice. 
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Abstract 0 Sepiolite, a member of the fibrous mineral group of clays, 
is relatively free of surface ferric iron and does not accelerate significantly 
the oxidative degradation of hydrocortisone. The compatibility of sep- 
iolite with drugs that can undergo oxidative degradation is in sharp 
contrast to the catalytic effect of attapulgite, another fibrous mineral, 
which contains a significant amount of surface ferric iron and which 
therefore accelerates oxidative degradation. Sepiolite adsorbs hydro- 
cortisone by a weak adsorption mechanism, which was shown by IR 
spectroscopy to be chiefly due to hydrogen bonding. However, accelerated 
oxidative degradation of the adsorbed hydrocortisone does not occur. 
Maximum adsorption occurs at pH 7-8.5. Desorption occurs readily by 
washing with water. Sepiolite has similar rheological properties to atta- 
pulgite. The results of this study suggest that sepiolite may be useful as 
a pharmaceutical excipient for drugs that undergo oxidative degrada- 
tion. 


Keyphrases 0 Sepiolite-potential as excipient for drugs subject to 
oxidative degradation Excipients-potential of sepiolite as excipient 
for drugs subject to oxidative degradation Clays-sepiolite, potential 
as excipient for drugs subject to oxidative degradation Adsorption- 
sepiolite, potential excipient evaluated for use with drugs subject to ox- 
idative degradation 


A recent study (1) demonstrated that hydrocortisone 
is adsorbed weakly by attapulgite and subsequently 
undergoes oxidative degradation, catalyzed by both ad- 
sorbed iron oxides and hydroxides as well as by structural 
ferric iron at  the clay surface. Other clays such as mont- 
morillonite (2-4) and hectorite (5 ,6 )  promote the oxidation 
of organic compounds. Surface-adsorbed contaminants or 
structural ferric iron a t  the clay surface have been sug- 
gested as being responsible for the oxidation of organic 
materials by these clays. 


BACKGROUND 


Attapulgite, which frequently is termed palygorskite in clay mineralogy 


literature, is a member of the fibrous mineral group of clays. The fibrous 
minerals are similar to the smectite group of clays, which includes 
montmorillonite, hectorite, and saponite, since they are 21 type minerals 
consisting of a layer of magnesium octahedra sandwiched between two 
silica tetrahedral sheets. However, their properties are significantly 
different from the smectite group since crystal growth is limited to the 
C-dimension, resulting in ribbons of the 21 layer attached at their lon- 
gitudinal edges. A cross section of the fiber gives a checkerboard ar- 
rangement of ribbons and voids with no possibility of expansion. In ad- 
dition, the fibrous minerals have little or no true cation-exchange ca- 
pacity. However, because of the very thin nature of the ribbons, the ex- 
ternal surface area is moderately high. Fibrous minerals also are very 
porous due to the channels between the ribbons. However, little ad- 
sorption occurs within the pores since the dimensions of the pores can 
accommodate only small molecules such as water, ammonia, and lower 
alcohols (7). 


Sepiolite also belongs to the fibrous mineral group of clays and has an 
ideal formula, external surface area, internal surface, and channel di- 
mensions that are very similar to attapulgite (Table I). However, there 
is a striking difference in the ferric iron content of natural samples. 
Sepiolite samples contain much less ferric iron than is found in attapulgite 
samples. Since the surface ferric iron is responsible for catalyzing the 
oxidative degradation, it was decided to investigate the effect of sepiolite 
on the oxidative degradation of hydrocortisone. In addition, since sep- 
iolite has not been mentioned as a pharmaceutical excipient or as a GI 
adsorbent, the rheological properties of sepiolite suspensions were 
compared to attapulgite suspensions to determine if sepiolite could be 
considered for such use. 


EXPERIMENTAL 


Materials-All chemicals were official or reagent grade. The vallecas 
sepiolite studied was obtained from a deposit near Madrid, Spain, and 
was used as received. X-ray diffractograms indicated that sepiolite was 
the major mineral present, although a small amount of calcite also was 
found. The total iron content was determined by hydrofluoric acid dis- 
solution (8). 


Hydrocortisone Assay-A high-pressure liquid chromatographic 
(HPLC) method that was recommended for the analysis of hydrocorti- 
sone tablets (9) was modified slightly for this study. The liquid chro- 
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the obese and physiological and pathological factors that influence drug 
response. A section on correlating clinical response with drug disposition 
has been added. There also is a new chapter on bioavailability and bio- 


mulation will require access to this series, However, anyone involved in 
formulation development or evaluation will also find this series to be of 
great value. It deserves to be the definitive reference for academic use. 


equivalence. 
Definitions are presented as a glossary in the first chapter. The pro- 


ce88e8 of liberation, absorption, distribution, metabolism, and elimination 
are described in Chapter 2. Histological features of organs and cell 
membranes and drug-receptor interactions are considered in Chapters 
3-5. 


Absorption mechanisms (Chapter 6), physicochemical principles, in- 
cluding pKa values and partition coefficients (Chapters 7-9), and a 
physiological discussion of the GI tract and the circulatory system 
(Chapters 10 and 11) are presented. 


Protein binding (Chapter 12), drug metabolism (Chapter 131, and drug 
elimination (Chapter 14) are mentioned, and drug reabsorption in the 
kidneys and biliary recycling are presented in Chapter 15. 


The next section of the book (Chapters 16-26) deals with mathematical 
descriptions of various compartmental models. Included are one- and 
two-compartment models with intravenous and oral dosing. The deter- 
mination of rate constants by noncomputer techniques is included with 
a discussion of volumes of distribution. Concentrations after single and 
multiple doses are calculated. Methods for calculating and using the area 
under the curve and urine data are presented. Dosage adjustment for 
children, elderly, and obese patients are presented, as are methods used 
to calculate dosage regimens for desired results. 


The final chapters of the book (Chapters 27-31) deal with the effect 
of physiological factors on drug response and disposition, nonlinear 
pharmacokinetics, curve fitting, clinical response correlations with dis- 
position, and bioavailability and bioequivalence. The appendix gives 14 
pages of pharmacokinetic information for various drugs. 


This book covers many of the topics discussed in an undergraduate 
biopharmaceutics course and of interest to a clinical pharmacist. Each 
topic is covered briefly but comprehensively. Both students and prac- 
ticing pharmacists should find this book to be a very useful aid in un- 
derstanding and using pharmacokinetic principles. 


Reviewed by David Bourne 
Diuision of Pharmaceutics and 


Pharmaceutical Analysis 
University of Kentucky 
Lexington, KY 40506 


Pharmaceutical Dosage Forms: Tablets Vol. 1. Edited by HERBERT 
A. LIEBERMAN and LEON LACHMAN. Dekker, 270 Madison Ave., 
New York, NY 10016. 1980. 490 pp. 18 X 25.5 cm. Price $59.75. (A 
special introductory price of $29.75 is available on orders of five or more 
copies in the United States and Canada.) 
This book is the first in a three-volume treatise designed to examine 


in detail all phases of tablet technology, from initial development to final 
quality assurance. In the first volume, each chapter develops from an 
introduction through to the present pharmaceutical practice. Fourteen 
authors contributed to this first volume of eight chapters, and they, along 
with those listed for the other two volumes, represent an illustrious se- 
lection of experts in this area. 


Chapter I, entitled Preformulating Testing, is an excellent review of 
all the physical pharmacy testing necessary to characterize a new drug 
substance. Three excellent case studies are presented. The second 
chapter, entitled Tablet Formulation and Design, demonstrates how a 
suitable drug formulation should be developed based on available pre- 
formulation knowledge. Compressed Tablets comprises Chapter 111 in 
which each unit process step is reviewed, and the advantages and dis- 
advantages of the techniques and excipients available are discussed in 
detail. 


The final five chapters are entitled Compression-Coated and Layer 
Tablets; Effervescent Tablets; Special Tablets: Sublingual and Buccal 
Tablets; Chewable Tablets; and Medicated Lozenges. For each, the 
processing steps and alternatives are reviewed along with details of typical 
formulations. 


The remaining two volumes promise to discuss each unit process in 
detail. Each chapter in Volume 1 is, however, complete within itself. 
When publication is completed, this series will be considered as the de- 
finitive state of the art. If, as the title implies, further volumes on capsules, 
liquids, and semisolids follow, this series will become the encyclopedia 
of pharmaceutical technology. Anyone actively involved in tablet for- 


Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Drug Level Monitoring-Analytical Techniques, Metabolism, and 
Pharmacokinetics. By WOLFGANG SADfiE and GEERTRUIDA 
C. M. BEELEN. Wiley, 605 Third Ave., New York, NY 10016.495 pp. 
15 X 23 cm. Price $35.00. 
This book is divided into essentially two parts. The first part consists 


of brief, generalized chapters on drug metabolism, pharmacokinetics, 
clinical pharmacokinetics and therapeutic drug level monitoring, and 
analytical techniques. Of these four chapters, the work on analytical 
techniques is the most extensive. 


The second section consists of drug monographs for 102 drugs which 
were chosen on the basis of being currently measured in clinical phar- 
macokinetic laboratories, being representative of a class of chemical or 
pharmacological agents, and/or belonging to the following major classes: 
antimicrobials, anticancer drugs, antiepileptics, cardiovascular drugs, 
psychotropic drugs, analgesics, and drugs of abuse. Each monograph 
contains a brief description of the therapeutic and toxic concentration 
ranges, metabolism, analogous compounds, and analytical techniques. 
The last section of each monograph briefly describes the various ana- 
lytical methods (with pertinent references) that have been employed. 
References in this section are current to 1978. However, an addendum 
at  the end of the book updates the references through October 1979. 


The chapters that appear in the first part of this book are far too brief 
and cursory to be of value to anyone unfamiliar with the given area. Two 
pages on the topic of pharmacokinetics is hardly worth the effort. In 
addition, the treatment of the various analytical techniques is quite un- 
balanced. Spectroscopic methods such as UV and visible spectroscopy, 
colorimetry, and fluorescence are given as much coverage as high-per- 
formance liquid chromatography, although the latter method is of much 
greater utility in monitoring blood levels of drugs. Greater coverage of 
the more important methods at  the expense of the less important ones 
might have been a better approach. 


The section containing drug monographs provides a wealth of infor- 
mation and important references. In most cases, some details are given 
on the most suitable methods. 


Despite the shortcomings of the initial chapters, this book will be 
valuable to anyone engaged in drug level monitoring. Since the book 
provides a good survey of the pertinent literature, it can serve as an ex- 
cellent starting point in searching for the best assay for a given drug level 
monitoring project. 


Reviewed by James W. Munson 
The Upjohn Company 
Kalamatoo. MI 49001 


Clinical Pharmacology, 24th ed. Edited by RONALD H. GIRWOOD. 
Macmillan, 866 Third Ave., New York, NY 10022.1980.608 pp. 15 X 
23 cm. Price $29.95. 
First published in 1884 in Great Britain, Clinical Pharmacology ap- 


pears to be designed to acquaint medical and paramedical professionals 
with a relatively complete compilation of currently used drugs. Following 
two chapters devoted to discussions of Mechanisms Involved in Drug 
Action and Adverse Drug Reactions are 16 additional chapters that ad- 
dress antimicrobials, analgesics, autonomic and CNS drugs, cardiovas- 
cular drugs, drugs affecting the respiratory system, drugs affecting the 
alimentary system, drugs acting on the kidney, endocrine drugs, vitamins, 
hematinica, anticoagulants, cancer chemotherapy, heavy metals, and drug 
treatment of skin disorders. Chapter 19, An International Guide to 
Proprietary Names, provides a cross-listing of generic names from the 
trade names of drugs marketed both in Europe and the United States. 


Written by one of the six contributing authors, each chapter introduces 
the drug category, describes the physical or chemical characteristics of 
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the drug, briefly addresses the mode of action of the drug(s), lists the 
pharmaceutical preparations available with the recommended dosage, 
discusses the pharmacodynamic properties of the drug(s) in an uncom- 
plicated fashion, and describes the indications for use and adverse effects 
(toxicological and allergic). When appropriate, antidotal measures, drug 
interactions, and contraindications are included. 


The book is not a complete treatis on pharmacology and should not 
be expected to replace general pharmacology texts. Neither does it pro- 
vide an indepth discourse on the pathological signs or symptoms of dis- 
eases or their most appropriate therapeutic approach. It is an easily read 
introduction into each of these areas. As an aid in using the book as a 
reference in clinical pharmacology and therapeutics, the index lists the 
drugs, disease states, pathological conditions, and organisms responsible 
for infectious pathological diseases. The fact that the book is written and 
published in the United Kingdom does not detract from its potential, but 
perhaps limited, usefulness by US. pharmacists. 


Reviewed by A. E. Wade 
Department of Pharmacology 
School of Pharmacy 
University of Georgia 
Athens, GA 30601 


The Organic Chemistry of Drug Synthesis, Vol. 2. By DANIEL 
LEDNICER and LESTER A. MITSCHER. Wiley, 605 Third Ave., 
New York, NY 10016.1980.526 pp. 15 X 23 cm. Price $28.00. 
This book is Volume 2 in a series and apparently will be followed by 


future volumes as generic names are granted. Together, Volumes 1 and 
2 include syntheses for compounds granted a generic name by the USAN 
Council through 1976. 


In making a comparison between Volumes 1 and 2, one notices im- 
mediately that the latter volume is easier to read because of the darker 
type and greater spacing between lines. This volume, although not er- 
rorless, appears to contain fewer mistakes than the previous one. The final 
13 pages contain Errata for Volume 1. 


As the title implies, the major focus is on organic chemistry (particu- 
larly, drug synthesis), with appropriate brief mention of the associated 
pharmacological action. The authors have done a good job illustrating 
the reaction mechanisms for many synthetic pathways while keeping 
details to a minimum. Historical sidelights (e.g., cortisone story  on p. 176 
and LSD story on p. 476) also enliven the reading. 


This volume contains 16 chapters as opposed to 22 in Volume 1. Most 
of the same chapter headings are carried over in Volume 2. Deletions 
include: Chapter 1, Introduction; Chapter 2, A Case Study in Molecu]ar 
Manipulation: The Local Anesthetics; Chapter 7, Arylethylenes and 
Their Reduction Products (no mention of diethylstilbestrol or its de- 
rivatives in Volume 2); Chapter ll, Tetracyclines (this material is in- 
corporated into Chapter 7, Polycyclic Aromatic and Hydroaromatic 
Compounds); Chapter 12, Acyclic Compounds (new material is found 
in Chapter 1, Monocyclic and Acyclic Aliphatic Compounds); and 
Chapter 19, Phenothiazines (incorporated into Chapter 14, Heterocycles 
Fused to Two Benzene Rings). In addition to the chapter headings for 


various types of aliphatic, aromatic, and heterocyclic compounds, the 
chapters on steroids, morphinoids, benzodiazepines, and p-lactam an- 
tibiotics are retained. Changes in chapter organization were necessitated 
by the relative amounts of new work. Volume 2 contains several examples 
of antineoplastic drug syntheses, which were lacking in the previous 
volume. The valuable Cross Index of Druge also is retained. 


This book fills a previous void since medicinal chemistry texts some- 
times must slight the presentation of drug synthesis. This reviewer finds 
it to be a valuable contribution, which should be particularly useful to 
practicing medicinal and organic chemists as well as to students of these 
disciplines. 


Reviewed by Milton J. Kornet 
College of Pharmacy 
University of Kentucky 
Lexington, KY  40506 
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Abstract 0 The in uitro release profiles of the F-series of prostaglandins 
were determined from a silicone rubber matrix of constant surface area. 
Silicone rubber was selective toward prostaglandin transport and offers 
potential as a controlled-release delivery system. Drug release patterns 
were dependent on the lipophilicity of the prostaglandin molecule. For 
dinoprost (prostaglandin Fzol), the following sequence was observed: 
methyl ester > free acid > tromethamine salt. The biologically potent 
carboprost methyl ((15S)-15-methylprostaglandin Fan methyl ester] was 
released considerably faster than the methyl ester of the parent dinoprost 
molecule, while release of the tromethamine salts of the two prosta- 
glandins was similar. Permeability rates of the salts were depressed 
substantially when compared to their respective C-1 methyl esters. Re- 
sults from independent membrane transport studies supported the ob- 
served dependence of steady-state flux on the chemical structure of the 
prostaglandin molecule. Plots of the amount released per unit area uersus 
the square root of time were linear except for the initial drug release 
phase, and the total amount of prostaglandin released increased as the 
initial loading dose was raised. The data were analyzed according to a 
physical model describing drug release from inert matrix systems. The 
observed concentration dependence was consistent with the predictions 
of the model. 


Keyphrases Prostaglandins-transport through silicone rubber, effect 
of lipophilicity, in uitro release profiles Dinoprost-transport through 
silicone rubber o Carboprost-transport through silicone rubber 0 
Controlled-release delivery-transport of prostaglandins through silicone 
rubber Dosage forms-transport of prostaglandins through silicone 
rubber 


Prostaglandins are a class of C Z ~  lipid-like substances 
that produce a wide spectrum of biological responses (1). 
Their clinical application in fertility control is well rec- 
ognized since they possess luteolytic and abortifacient 
properties, alter ovum transport, and induce menses (2). 
Naturally occurring dinoprostl (prostaglandin F2J and 
dinoprostone2 (prostaglandin E2) have been tested clini- 
cally by numerous routes of administration in solution, 
tablet, and suppository dosage forms. The (15S)-15-methyl 
analogs also are being explored as fertility-regulating 
agents and are considerably more potent (3,4). 


~~ ~ ~ ~ ~~ ~~~ 


Prostin Fz alpha, The Upjohn Co., Kalamazoo, MI 49001. 
Prostin Ez, The Upjohn Co., Kalamazoo, MI 49001. 


Intrauterine administration reduces undesirable side 
effects associated with the systemic intravenous route since 
drug is delivered closer to the uterus. The vaginal route, 
however, allows for self-administration, and it has been 
used successfully to terminate pregnancy with dino- 
prostone suppositories given by a multiple-dosing regimen 
( 5 )  and with a single carboprost methyl3 [(15S)-15- 
methylprostaglandin Faa methyl ester] vaginal suppository 
(6). 


BACKGROUND 


Studies in these laboratories have been directed toward the develop- 
ment of a prostaglandin delivery module that can be self-administered, 
is reversible, and provides continuous drug release for the treatment 
period following a single administration. Structural modifications of 
polymeric materials have been made to attain satisfactory prostaglandin 
release rates. 


Nuwayser and Williams (7) showed that the permeability rate of di- 
noprost in deacetylated cellulose acetate was much greater than in other 
cellulose derivatives; in the rabbit, Akkapeddi et al. (8) demonstrated 
the abortifacient effectiveness of dinoprost and dinoprostone when in- 
corporated into a series of hydrophilic polymeric materials. Polyacryl- 
amide and polyvinylpyrrolidone gels containing dinoprostone or dino- 
prost also were effective in fertility control in several animal systems 
(9-12). Silicone rubber, however, was impervious to dinoprost transport 
and was discounted as a possible delivery system (9). Yet Spilman and 
Roseman (13) showed that silicone vaginal rings impregnated with car- 
boprost methyl were effective in producing increased uterine muscle 
activity, luteolysis, and abortion in the Rhesus monkey. 


The delivery system design, therefore, not only depends on the delivery 
module but also on the chemical form of the drug molecule. The present 
article provides a physicochemical analysis of the transport mechanism 
of prostaglandins through silicone rubber. The influence of lipophilicity 
on release is a dominant factor in assessing the utility of silicone rubber 
as a delivery system. In this regard, these findings parallel an earlier study 
with steroids (14). 


EXPERIMENTAL 


The prostaglandins4, dinoprost, dinoprost tromethamine, dinoprost 
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Figure 1-Sketch of release apparatus and mold used to study the re- 
lease of prostaglandins from silicone rubber. 


methyl ester, carboprost methyl, and carboprost tromethamine, were at 
least 99% pure by GLC and showed a single major zone by TLC. Com- 
pression-distilled water and analytical reagent grade chemicals were used. 
Distilled-in-glass chloroform was used for prostaglandin extraction. 


Release Method-The preparation of the prostaglandin matrixes and 
the experimental design of the release rate studies were similar to those 
reported previously (15). The methyl esters of dinoprost and carboprost 
first were triturated in a mortar to reduce their particle size. After the 
prostaglandins were suspended in the silicone monomer5 and catalyzed 
with stannous octoate, the mix was placed into a stainless steel circular 
mold having an exposed surface area of 10 cm2 (Fig. 1). During the curing 
step, an acrylic resin plate was placed over the elastomer to provide a 
smooth surface for the subsequent release experiments. The matrix was 
cured overnight at room temperature, the acrylic resin plate was removed, 
and the excess flashings were trimmed before release determinations were 
made. 


Release measurements were performed in 100 ml of 0.1 M trometh- 
amine buffer (pH 7.0) a t  37'. Agitation of the solution was provided by 
a 300-rpm synchronous motor which rotated a magnetic stirrer. Samples 
(15-25 ml) were withdrawn through the acrylic resin cover with a syringe 
and needle, extracted with chloroform, and assayed. The withdrawn so- 
lution was replaced with an equal volume of buffer preequilibrated at 37'. 
For dinoprost tromethamine and dinoprost (free acid), the procedures 
were identical except that the tromethamine salt was micronized and the 
waxy free acid was levigated directly into the silicone phase. 


The dissolution medium pH was selected to maintain sink conditions 
for dinoprost when used as the tromethamine salt and free acid. Since 
concentrations were <0.01 mg/ml and the aqueous solubility at this pH 
is >200 mg/ml(16), the sink condition was met. This same pH was used 
for the esters to maintain uniformity of dissolution and to retard any drug 
decomposition during the experiment. For the methyl esters, the con- 
centrations during dissolution were <lo% of their equilibrium solubility 
values. Stability studies with the methyl ester prostaglandins indicated 
that no decomposition occurred during sample preparation for dissolu- 
tion. However, after about 1 week, some degradation of carboprost methyl 
was noted in the elution medium. When necessary, the concentrations 
were corrected to reflect accurately the total prostaglandin released. To 
avoid the potential effect of surface diffusion of drug on the release 
profiles, dissolution studies were performed within 1 week after device 
preparation. 


The methyl ester samples (15-25 ml) were extracted directly with three 
equal volumes of chloroform and dried under vacuum with mild heat6. 
For the tromethamine salt and free acid runs, the pH of the withdrawn 
samples was lowered to 3 with 0.2 M citrate buffer (pH 3) and extracted 
with chloroform as outlined for the esters. 


Membrane Transport-Fillerless silicone membranes were prepared 
by polymerizing the silicone monomer7 with stannous octoate and placing 
the mix between metal plates separated by the appropriately sized 
spacers. After curing, the sheet was removed and circular membranes of 
the desired diameter were punched out. The membrane was soaked 
overnight in water and then mounted into a diffusion cell originally de- 
sipned bv Flvnn and Smith (17). without the screen and with a 6 0 - r ~ m  


, I  / 0 


1 2 3 4 5 6 
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Figure 2-Release profiles of dinoprost (prostaglandin F2,J from sili- 
cone rubber at a loading of 2%. Key: A, dinoprost methyl ester; 0,  di- 
noprost free acid; and 0, dinoprost tromethamine. 


At time zero, a preequilibrated saturated solution containing excess 
prostaglandin in pH 7.0 tromethamine buffer was placed in the donor 
compartment, while the receptor side contained the buffer with no drug. 
Samples were taken as a function of time by flushing the receptor com- 
partment with three volumes of fresh buffer. The entire sample then was 
extracted with chloroform (3 X 25 ml). 


The diffusion coefficient of tritium-labeled carboprost methyl 
[(15S)-15-methylprostaglandin F2,-11j3-[3H]methyl ester] was deter- 
mined using the described diffusion cell. Samples (1 ml) were withdrawn, 
diluted with 10 ml of scintillation fluid8, and then counted on a liquid 
scintillation counterg. 


Analytical Procedures-GLC was employed to determine prosta- 
glandin concentrations. The dried prostaglandin extracts were treated 
with 3-4 drops of dry pyridine and 0.5 ml of silylating reagent containing 
1 or 3 mg of cholesteryl acetate (internal standard)/ml. For the 15- 
methylprostaglandin F2- compounds, the silylating reagent was bis(tri- 
methylsily1)trifluoroacetamide plus 1% trimethylchlorosilane'O, and the 
solution was allowed to react overnight a t  room temperature. With the 
dinoprost compounds, a silylation mixture of N,O- bis(trimethylsily1)- 
acetamide-trimethylchlorosilanel' (41) was utilized; the reaction was 
completed in 30 min. Reference standards were prepared by direct 
treatment of 1 mg of prostaglandin with the appropriate silylating re- 
agent. 


After the reaction was complete, 1 p1 was injected onto the glass 
(0.63-cm i.d. X 1.2-m length) column1* packed with 3% UCW-98 on 
80-100-mesh Gas Chrom Q13. The flash heater was off, and the column 
and detector temperatures were 260 and 270", respectively. The helium 
gas flow was 60 ml/min, and air and hydrogen rates were adjusted to 
maximize response; the attenuation was 10 X 32. Unknown prostaglandin 
concentrations were determined by peak area ratios with standards in- 
jected with the samples. 


Extraction of solution from a placebo run showed no interfering peaks. 
The efficiency of the analytical procedures was checked by analyzing 
samples of known concentrations. Complete prostaglandin recovery re- 
sulted from the extractions from aqueous media. 


RESULTS AND DISCUSSION 


Release Profiles of Dinoprost (Prostaglandin Fk)-Studies on 
prostaglandin release from silicone rubber were initiated using the nat- 
urally occurring dinoprost as the model compound. Figure 2 illustrates 
the release pattern of dinoprost as a function of its chemical form at the 
C-1 position. Silicone rubber was almost impervious to the transport of 
dinoprost as the tromethamine salt, while the methyl ester was released 
continuously as a function of time. The release profile of dinoprost (free 
acid) fell in between the methyl ester and tromethamine salt. Qualita- 
tively, the release data correlated directly with the expected degree of 
lipophilicity of the prostaglandin molecule in the silicone matrix phase, 
i.e., methyl ester > free acid > tromethamine salt. 


motor. Throkghout the experiment, temperature was maintained at  $7". 
PCS, Amersham Co., Arlington Heights, IL 60005. 
Mark I11 model 6880, Searle Analytical Inc., Des Plaines, IL 60016. 


lo Regisil, Regis Chemical Co., Morton Grove, IL 60053. 
l1 Pierce Chemical Co., Rockford, IL 61105. 
l2 Model 402, Hewlett-Packard, Skokie, IL 60076. 


Silastic 382, Dow Corning Corp., Midland, MI 48640. 
Buchi-Rotavapor-R, Switzerland. 
Fillerless Silastic 382 was supplied by the Dow Corning Corp., Midland, MI 


48640. Applied Science Laboratories, State Cdege, PA 16801. 
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Figure 3-Release profile of dinoprost methyl (prostaglandin Fzn 
methyl ester) from silicone rubber. Key: A, 2%; and A, 5%. 


Earlier work on the release of neutral steroidal compounds from sili- 
cone rubber suggested that drug transport is due mainly to diffusion 
through the matrix phase (18). The extremely slow release of dinoprost 
tromethamine supports this mechanism. A t  pH 7.0, dinoprost has a sol- 
ubility in excess of 200 mg/ml. If transport through aqueous channels or 
pores is an important route for drug release, then the large aqueous sol- 
ubility of the salt would provide a highly favorable driving force (con- 
centration gradient) for the rapid diffusion of prostaglandin. The lower 
release rate of the salt form was probably due to a rather limited solubility 
in the silicone rubber phase. In contrast to the methyl ester of dinoprost, 
the free acid form was released for only about 2 days. The polymerization 
reaction for dinoprost (free acid) required a two- to threefold increase 
in the catalyst concentration, and it appears that the drug participated 
in the polymerization. If this is the case, the effective drug concentration 
in the matrix would be reduced and limit the availability of the prosta- 
glandin molecule, as evidenced by the plateau region in Fig. 2. The de- 
pendence of release on the initial prostaglandin loading dose is shown 
in Fig. 3 for dinoprost methyl ester. 


Comparison of Permeability Rates of Dinoprost Methyl (Pros- 
taglandin Fza Methyl Ester) and Carboprost Methyl [( 15.9-15- 
Methylprostaglandin Fzn Methyl Ester]-The synthesis and biological 
activity of carboprost methyl was reported by Bundy et al. (19). This 
compound, along with other 15-methyl analogs of the A and E series of 
prostaglandins, was not a substrate for the enzyme, 15-hydroxyprosta- 
glandin dehydrogenase, which rapidly inactivates the naturally occurring 
prostaglandins. The 15-methyl analog is 10 times more potent than di- 
noprost in promoting uterine activity and has been used successfully to 
terminate pregnancy by several administration routes (20). Silicone rings 
and devices containing carboprost methyl exhibit antifertility activity 
in the Rhesus monkey. A single intravaginal insertion of this device re- 
sulted in prolonged uterine activity, luteolysis, and termination of 
pregnancy (13,151. 


The in uitro release of this compound is presented in Fig. 4 for the 
0.5-10% concentration range. Continuous drug release was observed for 
as long as 36 days, with the amount released at  a given time increasing 
as the concentration was raised. This dependence is similar to the release 
of dinoprost methyl ester as seen in Fig. 3. However, the release rate of 
the 15-methyl analog was 1.4 times faster than the parent ester of dino- 
prost. At equal matrix concentrations, this factor reflects the ratio of the 
square root of the permeability constants ( P ) ,  i.e., the product of the drug 
solubility in the polymer (C,) times the drug diffusivity in the polymer 
(D,) (see Theoretical Analysis). Steady-state fluxes across a silicone 
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Figure 4-In vitro release profiles of carboprost methyl f(15S)-15- 
methylprostaglandin Fzo, methyl ester] from silicone rubber as a 
function of prostaglandin Concentration in the matrix. Key: 0, 5% 
tromethamine salt; and all other curves, methyl ester. 


membrane confirm the observed dependence on prostaglandin structure 
(Fig. 5). When the donor compartment in the diffusion cell is maintained 
at  saturation, the following expression from Fick's law (21) is appli- 
cable: 


(Es. 1) 


where 1 is the membrane thickness. Steady-state diffusion rates are re- 
lated linearly to CsDs and, as expected, the flux of the two prostaglandins 
is different a t  equal membrane thicknesses. Increasing the thickness 
decreases the transport in accord with Eq. 1. In contrast to the observed 


a 
d I  / 
3 30 "I 
5 20 - 
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HOURS 
Figure 5-Amount of prostaglandin diffused across a 0.047-cm thick 
silicone rubber membrane as a function of time. Key: 0, carboprost 
methyl [(15S)-15-methylprostaglandin Fzu methyl ester]; and A, di- 
noprost methyl (prostaglandin Fza methyl ester). 
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Table I-Comparisons of Prostaglandin Permeability 
Constantsa (C.D.) from Matrix Release and Membrane 
Transport  Experiments 


10% 


/ 
Matrix Membrane 
Release Transport 


Dinoprost methyl (prostaglandin 0.84b X 0.98 X 
Fzn methyl ester) 


methvlmostaalandin 2.6d X lo-' 
Carboprost methyl [(15S)-15- 1.6b X lo-' 2 . l C  X lo-', 


F9,, methvl ester1 
~~ 


Units are milligrams er centimeter per second. b Calculated average from the 
least-squares slope of (&1/2) uersus A"2. c Calculated using a 0.097-cm thick 
membrane. 


transport of the esters, the tromethamine salts diffused a t  negligible 
rates. 


Theoretical Analysis-The general equation for drug release from 
a planar silicone rubber surface is: 


Calculated using a 0.0470-cm thick membrane. 


-DshaKAt + [(TI D,h,KAc 2 + -1 2AD,C,tt 112 
(Eq. 2 )  


'= D,T 
where: 


Q = amount released per unit area 
t = time 


A = total concentration of drug in matrix 
Do = diffusion coefficient in the dissolution medium 
D, = diffusion coefficient in the matrix phase 
K = partition coefficient (CJC,) 


C, = solubility in the dissolution medium 
C, = solubility in the matrix phase 
ha = boundary diffusion layer thickness 


6 = volume fraction 
T = tortuosity 


Equation 2 was derived from a physical model which considers both 
diffusion through the matrix and transport away from its surface across 
a boundary diffusion layer14. For drugs that exhibit high permeability 
rates, the boundary diffusion layer can offer a major resistance to drug 
release. However, when the matrix is rate controlling, Eq. 2 reduces to: 


Q =  A (Eq. 3) 


which was originally derived ( 2 2 )  for drug release from inert matrix sys- 
tems. Plots of Q uersus t for the prostaglandin methyl esters are shown 
in Figs. 6 and 7. Except for an early nonlinear period, Eq. 3 is obeyed. The 
curvature at  early times follows predictions from Eq. 2 when the resis- 
tance of the diffusion layer plays a significant role in the total diffusion. 
As noted in Fig. 7, where a wide range of concentrations are presented, 
the curvature becomes less as the concentration in the silicone rubber 
phase decreases. This finding supports the applicability of Eq. 2 at early 
times because the depleted region in the matrix recedes less at  high 
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Figure 7-Dependence of Q on t112 for the release of carboprost methyl 
[(15S)-15-methylprostaglandin Fz, methyl ester] from silicone rubber 
at  different loading doses. 


loading doses. At low matrix concentrations, drug diffusion occurs across 
a depleted zone of greater depth and Eq. 3 becomes operative sooner. This 
is evident in the 0.5% curve where Q uersus t1I2 plots are linear even 
during the early release stage. 


Calculated values for the permeability constants, C,D,, are given in 
Table I. Considering the complexities of the studies, favorable agreement 
between the matrix release and membrane transport data is noted. The 
slightly higher numbers associated with the membrane transport ex- 
periments may be a consequence of faster drug diffusion through a fil- 
lerless polymer15. Fillerless material was used to obtain additional in- 
formation on the diffusivity of the prostaglandins since silicone rubber 
reinforced with diatomaceous earth or silica was reported (23,24) to in- 
crease the lag times ( L )  and yield anomalous diffusivity values calculated 
from the lag time expression (25): 


(Eq. 4) 


where 1 is the membrane thickness and L is the lag time16. In the present 
study, extrapolation of the steady-state portions of the curve in Fig. 5 
yielded lag times with high standard errors of the mean, and accurate 
values could not be determined. However, by utilizing radiolabeled car- 
boprost methyl, the diffusion coefficient of the prostaglandin was de- 
termined to be 0.485 X (k0.020 X lo-") cm2/sec. The C-15 methyl 
group is not expected to alter the diffusivity of this series, and the same 
value can be reasonably assumed for dinoprost methyl ester. The esti- 
mated values of C, for carboprost methyl and dinoprost methyl ester are 
0.48 and 0.20 mg/cm3, respectively. Methylation a t  the C-15 position of 
dinoprost methyl ester, therefore, appears to make the prostaglandin 
ester more lipophilic, resulting in increased transport rates. 


Previous studies (26) demonstrated that substitution of a less polar 
carbonyl group for the hydroxyl moiety a t  C-9 (i .e. ,  dinoprost + dino- 
prostone) and the addition of lipophilic ester groups at  C-1 significantly 
increase the transport rates of prostaglandins across silicone rubber. The 
agreement between the permeability constants in Table I for matrix re- 
lease and membrane transport suggests that membrane transport studies 
can be used to predict a priori release profiles of prostaglandins from 
monolithic devices according to: 


Figure 6-Dependence of Q on t1I2 for the release of dinoprost methyl 


loading doses. Key: 0,2%; and m, 5%. 
(prostaglandin F201 ester) from rubber at different 15 Filler, such as is incorporated in the polymer to increase its mechanical 


DroDerties. 
18 This expression applies when the major resistance to diffusion resides in the 


membrane. It is valid for these prcataglandina since the resistance in the membrane 
is at least 100 times greater than in the diffusion layer. l4 The assumptions in the derivation can be found in Ref. 18. 
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and: 


rate = - - t-”2 


where ( d Q / ~ l t ) ~ ~  is the slope of the steady-state portion of the curve from 
a diffusion cell experiment (Fig. 5) and the other terms are as were de- 
fined. This approach is valuable in screening compounds to assess 
whether release rates are consistent with their biological dosing pat- 
terns. 
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Abstract Several alkyl and polyhalophenyl esters of benzo[b]thio- 
phene-3-carbamic acid were prepared and tested for antibacterial and 
antifungal activities. Two compounds exhibited the highest activity of 
growth inhibition against some bacteria and fungi. 


Keyphrases Antibacterial activity-alkyi and polyhalophenyl esters 
of benzo[b]thiophene-3-carbamic acid 0 Antifungal activity-alkyl and 
polyhalophenyl esters of benzo[b]thiophene-3-carbamic acid 0 Ben- 
zo[b]thiophene-3-carbamic acid-alkyl and polyhalophenyl esters, 
synthesis, antibacterial and antifungal activities 


Dialkylaminoalkyl esters of benzo[b] thiophene-2-car- 
boxylic acid’ reportedly are useful as hypotensive, anti- 
viral, and antifungal agents (1). Derivatives of benzo[b]- 
thiophene-2-carboxamide were reported to have local 
anesthetic and analgesic activities (2). Some carbamic 
acids having the benzo[b] thiophene moiety showed pest- 
icidal, fungicidal, and insecticidal activities (3). 


1 Benzo[b]thiophene also is known as thianaphthene. 


In continuing studies on the chemistry and antibacterial 
and fungicidal activities of carbamic acid esters (4-7), alkyl 
and polyhalophenyl esters of benzo[b] thiophene-3-car- 
bamic acid were synthesized and their efficacy was de- 
termined. 


DISCUSSION 


Chemistry-The desired compounds were prepared according to 
Scheme I. 


The reaction of N-bromosuccinimide with readily available 3-chlo- 
romethylbenzo[b]thiophene (I) (8) afforded 11. Hydrolysis of I1 gave 
benzo[b]thiophene-3-carboxylic acid (111) (9). Compound I11 was con- 
verted to benzo[b]thiophene-3-carboxyhydraride (V) by a literature 
method (10). The hydr&ide (V) then was transformed to the carboxazide 
(VI) by reaction with sodium nitrite in acetic acid. Curtius rearrangement 
of the azide was achieved readily through heating with alcohols or with 
polyhalophenols in refluxing benzene. The physical data of the com- 
pounds prepared are summarized in Table I. 


Antifungal and Antibacterial Activities-All compounds listed in 
Table I were tested against Candida albicans (280121, Penicillium not- 
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the antibacterial action of both antibiotics is similar. Moreover, the 
breakdown products comprise only a small (nondetectable) fraction of 
the tetracyclines after in viuo administration (14). In many cases, the 
fluorometric method, as presented here, may become the method of 
choice. 
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Abstract 0 Sepiolite, a member of the fibrous mineral group of clays, 
is relatively free of surface ferric iron and does not accelerate significantly 
the oxidative degradation of hydrocortisone. The compatibility of sep- 
iolite with drugs that can undergo oxidative degradation is in sharp 
contrast to the catalytic effect of attapulgite, another fibrous mineral, 
which contains a significant amount of surface ferric iron and which 
therefore accelerates oxidative degradation. Sepiolite adsorbs hydro- 
cortisone by a weak adsorption mechanism, which was shown by IR 
spectroscopy to be chiefly due to hydrogen bonding. However, accelerated 
oxidative degradation of the adsorbed hydrocortisone does not occur. 
Maximum adsorption occurs at pH 7-8.5. Desorption occurs readily by 
washing with water. Sepiolite has similar rheological properties to atta- 
pulgite. The results of this study suggest that sepiolite may be useful as 
a pharmaceutical excipient for drugs that undergo oxidative degrada- 
tion. 


Keyphrases 0 Sepiolite-potential as excipient for drugs subject to 
oxidative degradation Excipients-potential of sepiolite as excipient 
for drugs subject to oxidative degradation Clays-sepiolite, potential 
as excipient for drugs subject to oxidative degradation Adsorption- 
sepiolite, potential excipient evaluated for use with drugs subject to ox- 
idative degradation 


A recent study (1) demonstrated that hydrocortisone 
is adsorbed weakly by attapulgite and subsequently 
undergoes oxidative degradation, catalyzed by both ad- 
sorbed iron oxides and hydroxides as well as by structural 
ferric iron at  the clay surface. Other clays such as mont- 
morillonite (2-4) and hectorite (5 ,6 )  promote the oxidation 
of organic compounds. Surface-adsorbed contaminants or 
structural ferric iron a t  the clay surface have been sug- 
gested as being responsible for the oxidation of organic 
materials by these clays. 


BACKGROUND 


Attapulgite, which frequently is termed palygorskite in clay mineralogy 


literature, is a member of the fibrous mineral group of clays. The fibrous 
minerals are similar to the smectite group of clays, which includes 
montmorillonite, hectorite, and saponite, since they are 21 type minerals 
consisting of a layer of magnesium octahedra sandwiched between two 
silica tetrahedral sheets. However, their properties are significantly 
different from the smectite group since crystal growth is limited to the 
C-dimension, resulting in ribbons of the 21 layer attached at their lon- 
gitudinal edges. A cross section of the fiber gives a checkerboard ar- 
rangement of ribbons and voids with no possibility of expansion. In ad- 
dition, the fibrous minerals have little or no true cation-exchange ca- 
pacity. However, because of the very thin nature of the ribbons, the ex- 
ternal surface area is moderately high. Fibrous minerals also are very 
porous due to the channels between the ribbons. However, little ad- 
sorption occurs within the pores since the dimensions of the pores can 
accommodate only small molecules such as water, ammonia, and lower 
alcohols (7). 


Sepiolite also belongs to the fibrous mineral group of clays and has an 
ideal formula, external surface area, internal surface, and channel di- 
mensions that are very similar to attapulgite (Table I). However, there 
is a striking difference in the ferric iron content of natural samples. 
Sepiolite samples contain much less ferric iron than is found in attapulgite 
samples. Since the surface ferric iron is responsible for catalyzing the 
oxidative degradation, it was decided to investigate the effect of sepiolite 
on the oxidative degradation of hydrocortisone. In addition, since sep- 
iolite has not been mentioned as a pharmaceutical excipient or as a GI 
adsorbent, the rheological properties of sepiolite suspensions were 
compared to attapulgite suspensions to determine if sepiolite could be 
considered for such use. 


EXPERIMENTAL 


Materials-All chemicals were official or reagent grade. The vallecas 
sepiolite studied was obtained from a deposit near Madrid, Spain, and 
was used as received. X-ray diffractograms indicated that sepiolite was 
the major mineral present, although a small amount of calcite also was 
found. The total iron content was determined by hydrofluoric acid dis- 
solution (8). 


Hydrocortisone Assay-A high-pressure liquid chromatographic 
(HPLC) method that was recommended for the analysis of hydrocorti- 
sone tablets (9) was modified slightly for this study. The liquid chro- 
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Table I-Comparison of Formula and Dimensions of Sepiolite and Attapulgite 


Sepiolite Attapulgite 


Ideal formula 
Natural sample formula 


External surface area, m2/g 
Internal surface area, m2/g 
Channel dimensions, 8, 


5 0 0 d  
3.7 X 10.6d 


635d 
3.7 X 6.4d 


K. Brauner and A. Preisinger, Tscherrnaks Mineral Petrogr. Mitt., 6,120 (1956). * W. F. Bradley, Am. Miner., 25,405 (1940). J. L. Ahlrichs, C. Serna, and J. M. 
Serratosa, Clays Clay Miner., 23,119 (1975). Reference 7. 


matograph' was equipped with a UV detector operating at  254 nm and 
a 20-4 injector loop2. A commercially packed o~tadecylsilane~ column 
was used with acetonitrile-water (35:65) as the mobile phase. The oper- 
ating parameters were: flow rate, 1 ml/min; pressure, 1000-1200 psi; 
temperature, ambient; and UV attenuator, 0.02 aufs. Linear calibration 
curves were used to quantify the hydrocortisone content of the aqueous 
phase, while the relative concentration of the observed degradation 
products was characterized by peak heights. 


Changes in the A-ring of hydrocortisone were monitored by UV spec- 
trometry at 254 nm. 


IR Analysis-Self-supporting films were prepared for IR analysis4 
by pipetting appropriate volumes of either sepiolite or hydrocortisone- 
sepiolite suspensions onto polyethylene terephthalate5 and air drying 
at room temperature (10). 


Hydrocortisone was prepared for IR analysis as a potassium bromide 
pellet. 


Kinetic Studies-The sepiolite concentration was selected as repre- 
sentative of the range of clay usually used in pharmaceuticals; the hy- 
drocortisone concentration was chosen to be below the solubility limit, 
280 pglml at  25' ( l l ) ,  to ensure complete solubility during the kinetic 
studies. Thus, 300 mg of sepiolite was mixed with 25 ml of an aqueous 
solution of hydrocortisone (200 pg/ml) in a 50-ml stoppered centrifuge 
tube. The pH was adjusted with hydrochloric acid to pH 8.4 to compare 
the chemical stability of hydrocortisone in the presence of sepiolite with 
the results reported previously (1) for hydrocortisone-attapulgite sus- 
pensions. The samples were aged in a constant-temperature shaker bath 
at  23'. At  appropriate intervals, aliquots were taken and centrifuged at  
6ooo rpm, and the supernate was filtered and analyzed by HPLC and UV 
spectrometry. The pH was 8.4 at  each sampling. 


Aqueous solutions of hydrocortisone (200 pglml) adjusted to pH 8.4 
with sodium hydroxide were aged with the hydrocortisone-sepiolite 
suspensions and served as controls. 


Adsorption Isotherm-Hydrocortisone-sepiolite suspensions were 
prepared as described, except that hydrocortisone concentrations of 
1-200 pg/ml were used. The suspensions were equilibrated in the con- 
stant-temperature shaker bath at  23' for 24 hr. The amount of hydro- 
cortisone adsorbed was calculated from the change in the hydrocortisone 


2.308 " .J 0 


Figure 1-Change in hydrocortisone concentration of aqueous phase 
(theory = 200 pglml) during aging at pH 8.4 and 23'. Key: 0, hydro- 
cortisone solution determined by HPLC; A, sepiolite suspension de- 
termined by HPLC; 0, sepiolite suspension determined by UV spec- 
trometry; and 0, attapulgite suspension determined by HPLC from Ref. 
1. 


Model ALC 202, Waters Associates, Framingham, Mass. 
Rheodyne, Berkeley, Calif. 
Partisil-10 ODs, Whatman Inc., Clifton, N.J. 
Model 180, Perkin-Elmer Corp., Norwalk, Conn. 
Mylar. 


concentration of the supernate after equilibration as determined by 
HPLC assay and UV spectrometry at  254 nm. 


Desorption studies were performed by recovering the equilibrated 
sepiolite from the adsorption study and resuspending the sepiolite in 
sufficient water, adjusted to pH 8.4, to achieve the original sepiolite 
concentration. After equilibration for 30 min in the constant-temperature 
shaker bath at  23O, the procedure was repeated to give sepiolite samples, 
which were washed one, two, or three times. The hydrocortisone con- 
centration desorbed in each washing was determined by HPLC. 


Effect of pH on Adsorption-Eight hydrocortisone-sepiolite sus- 
pensions were prepared at  pH 2.4, 3.2, 5.3,6.8, 7.8, 8.5,9.2, and 9.8 by 
adding 20 ml of a hydrocortisone stock solution (250 pglml) to 300 mg 
of sepiolite. Each suspension was adjusted to the desired pH with hy- 
drochloric acid or sodium hydroxide. The suspensions were diluted to 
25 ml with water to produce sepiolite suspensions containing 200 pg of 
hydrocortisonelml. The suspensions were equilibrated for 24 hr in the 
constant-temperature shaker bath at  23'. The concentration of hydro- 
cortisone adsorbed was determined as described under Adsorption Zso- 
therm. 


Viscosity Measurement-The rheological properties of 1 and 2% 
sepiolite suspensions were compared to 1 and 2% attapulgite suspensions 
using a rotational viscometer6 with spindle 1. The suspensions were 
prepared by sonicating each suspension for 1 min. 


RESULTS AND DISCUSSION 


Hydrocortisone exhibited very slow degradation in aqueous solution 
at  pH 8.4, which is consistent with previously reported stability results 
(1,12,13). In a sepiolite suspension, the hydrocortisone content of the 
aqueous phase decreased from 200 to 125 pg/ml during the 1st hr and very 
slowly during the next 170 hr (Fig. 1). As noted in Fig. 1, identical stability 
results were obtained by HPLC and UV analysis. 


The previously reported (1) degradation profile of hydrocortisone in 
an attapulgite suspension as determined by HPLC analysis also is shown 
in Fig. 1. The initial decrease in the hydrocortisone content as a result 
of interaction with attapulgite was less than was observed in the presence 
of sepiolite. However, the hydrocortisone content of the aqueous phase 
of the attapulgite suspension decreased substantially during the entire 
170 hr of the study. Furthermore, except for a small initial decrease, UV 
spectroscopy showed no change in the hydrocortisone concentration when 
the hydrocortisone-attapulgite suspensions were aged at 23,38,50, and 
69" (I). 


The HPLC and UV analyses of the hydrocortisone-sepiolite suspen- 
sions suggested that hydrocortisone is adsorbed by sepiolite, producing 


i3 401 20 


. - - _ _  _ _ _  _ _  _ _ _ _ _ _ _  _ _ _  - _ _ _  ________ __- _ _ _ _ _  _ _  . 
20 60 1 00 140 180 


HOURS 
Figure 2-Relative concentration of hydrocortisone and degradation 
products in sepiolite suspensions at pH 8.4 during aging at 23'. Key: 
0,  hydrocortisone; A, degradation product with a retention time of 2.5 
min; and 0, degradation product with a retention time of 11 min. 
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PH 
Figure 5-Effect of pH on adsorption of hydrocortisone by sepiolite. 


supports a weak adsorption mechanism. Generally, adsorption due to 
hydrogen bonding can be detected by shifts in the absorption bands of 
participating functional groups. Some hydroxyl groups of hydrocortisone 
might be expected to take part in hydrogen bonding with the clay surface. 
Evidence for hydrogen bonding is seen in the shift of the hydroxyl 
stretching vibrations of hydrocortisone at 3420 and 3285 cm-l to 3400 
and 3260 cm-l in the presence of sepiolite. In addition, the carbonyl 
stretching vibration of the C-17 hydrocortisone side chain was shifted 
from 1700 to 1655 cm-' as a result of interaction with sepiolite. The shift 
of these groups to a lower frequency suggests that hydrogen bonding is 
the principal adsorption mechanism, although van der Waals forces also 
may contribute. The fact that the CH-stretching vibrations at 2960,2920, 
and 2860 cm-' were not shifted in the presence of sepiolite suggests that 
the energy of interaction with sepiolite is similar to the intermolecular 
bonding in hydrocortisone. The IR spectrum clearly shows significant 
adsorption of hydrocortisone by sepiolite. This finding also is in sharp 
contrast to the interaction of hydrocortisone with attapulgite, where no 
change in the IR spectrum was observed after interaction with hydro- 
cortisone (I). 


To evaluate the amount of hydrocortisone adsorbed by sepiolite, the 
adsorption isotherm at  pH 8.4 was determined (Fig. 4). The isotherm is 
of the L or Langmuir type according to the classification of Giles et al. 
(14), who, along with Knight and Tomlinson (15), suggested that this type 
of isotherm indicates a specific interaction between the adsorbate and 
the adsorption sites. The adsorption data were applied to both the the- 
oretical Langmuir isotherm equation and the empirical Freundlich 
equation. The adsorption data gave a good linear fit with both the 
Langmuir and Freundlich isothermal plots (r = 0.9901 and 0.9937, re- 
spectively). The maximum adsorption of hydrocortisone by sepiolite as 
determined by the slope of the Langmuir plot was 8.75 mg/g. 


The adsorption of hydrocortisone by sepiolite is pH dependent (Fig. 
5). Maximum adsorption occurred between pH 7 and 8.5. It is hypothe- 
sized th@*he surface Si-OH groups of sepiolite are uncharged in this pH 
range. Thus, interaction occurs most strongly between the neutral hy- 
drocortisone molecule and the neutral sepiolite surface. 


Desorption studies also. confirmed that hydrocortisone is adsorbed 
weakly by sepiolite since it was desorbed readily by washing with water 
a t  pH 2.9,6.8, or 9.8 (Table 11). 


The rheograms of 1 and 2% sepiolite suspensions are very similar to 
the rheograms of 1 and 2% attapulgite suspensions, suggesting that sep- 
iolite could be used in place of attapulgite as a pharmaceutical excipient 
(Fig. 6). 


The minimal effect of sepiolite on the oxidative degradation of hy- 
drocortisone in comparison to the catalytic effect of attapulgite is con- 
sistent with the small amount of iron (0.3%) present in the sepiolite 
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Figure 3-ZR spectra of hydrocortisone in a potassium bromide pellet 
(A), a film of equilibrated hydrocortisone-sepiolite suspension at  pH 
8.4 (B), and a film of sepiolite (C). 


an immediate decrease in the hydrocortisone concentration. However, 
little degradation of hydrocortisone appears to occur in the sepiolite 
suspension. This hypothesis is confirmed by analysis of the peaks ap- 
pearing in the high-pressure liquid chromatogram. With the HPLC 
system used, hydrocortisone has a retention time of 8 min, while the two 
initial degradation products of hydrocortisone have retention times of 
2.5 and 11 min (1). The peak height of the hydrocortisone peak dropped 
initially for the sepiolite suspension but changed relatively little on aging 
(Fig. 2). However, the peak height for the peaks corresponding to the two 
initial degradation products was very low and increased only slightly on 
aging. Thus, in contrast to the hydrocortisone-attapulgite suspension 
(l), it does not appear that hydrocortisone degrades very rapidly in the 
presence of sepiolite. The initial decrease ifi the hydrocortisone con- 
centration seems to be due to adsorption of hydrocortisone by sepiolite 
rather than to accelerated degradation of hydrocortisone. 


The adsorption of hydrocortisone by sepiolite was examined by IR 
spectroscopy. Figure 3A shows the IR spectrum of hydrocortisone in a 
potassium bromide pellet. The IR spectrum of sepiolite is shown in Fig. 
3C. The IR spectrum of the hydrocortisone-sepiolite suspension at  pH 
8.4 (Fig. 3B) shows the hydroxyl stretching vibration of sepiolite at 3720 
and 3685 cm-1. Water displayed asymmetric hydroxyl stretching bands 
at 3620 and 3560 cm-I and a hydroxyl bending vibration at  1620 cm-l. 
Hydrocortisone absorption bands were evident at 3400,3260,2960,2920, 
2860, and 1655 cm-I. The IR spectrum of hydrocortisone-sepiolite 
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Figure 4-Adsorption isotherm for hydrocortisone by sepiolite. 
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Figure 6-Rheograms of sepiolite and attapulgite suspensions. Key: ., 1 % sepiolite; 0 ,2% sepiolite; 0, 1 % attapulgite; and 0,276 atta- 
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Table 11-Desorption from Hydrocortisone-Sepiolite Suspensions by Washing with Water 


Hydrocortisone 
DH Adsorbed. mele 


Hydrocortisone Desorbed, mglg 
First Wash Second Wash Third Wash 


2.9 
6.8 
9.8 


5.75 
7.91 
6.69 


1.03 
3.17 
1.50 


0.63 
1.45 
0.88 


0.60 
0.86 
0.80 


sample compared to the iron content of the attapulgite studied previously 
(2.6%). The oxidative degradation of hydrocortisone is affected minimally 
by sepialite, although significant adsorption occurs. Adsorption of hy- 
drocortisone by sepiolite can be explained by the high external surface 
area of sepiolite (400 m2/g). However, attapulgite also has a significant 
external surface area (280 m2/g), but no adsorption of hydrocortisone by 
attapulgite was observed by IR spectroscopy (1). It is hypothesized that 
the contact time needed for adsorption is greater than the contact time 
needed for the ferric iron-catalyzed oxidative degradation. Thus, in clays 
with a high ferric iron content, oxidative degradation is the predominant 
reaction. However, in clays such as sepiolite with a low ferric iron content 
and, therefore, a much smaller catalytic effect, the major reaction is ad- 
sorption. 


The results of this study strongly suggest that sepiolite should be 
considered for use in pharmaceuticals. It has a very similar structure to 
attapulgite but a greater external surface area, which suggests that sep- 
iolite will have excellent properties as a GI adsorbent. In addition, sep- 
iolite is a desirable clay for use as a pharmaceutical excipient since its low 
ferric iron content means that it is compatible with drugs such as hy- 
drocortisone that degrade by oxidative degradation. In addition, the 
reversible nature of the adsorption of hydrocortisone by sepiolite suggests 
that the bioavailability of neutral drugs will not be affected significantly 
by interaction with sepiolite. Finally, the rheological properties of sep- 
iolite suspensions are very similar to attapulgite suspensions. 
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Abstract 0 Several derivatives of’ (R,S)-2-amino-N-substituted suc- 
cinimides were synthesized and evaluated in mice against seizures pro- 
duced by electroshock and pentylenetetrazol. The most active compound 
against both electroshock- and pentylenetetrazol-induced seizures was 
(R,S)-N-benzyl-2-(methanesulfamido)succinimide. 


Keyphrases 0 2-Amino-N-substituted succinimide derivatives-syn- 
thesis and evaluation for anticonvulsant activity 0 Anticonvulsant ac- 
tivity-2-amino-N-substituted succinimide derivatives, synthesis and 
evaluation for activity Structure-activity relationships-2-amino- 
N-substituted succinimide derivatives, synthesis and evaluation for 
anticonvulsant activity 


Many epileptic seizures cannot be controlled by cur- 
rently available anticonvulsants. Furthermore, those in- 
dividuals whose seizures are controlled often tolerate 
harmful side effects (1). The development of carbamaze- 
pine and valproic acid has improved seizure protection for 
epileptics, of whom only 50% were completely protected 
by previously marketed antiepileptic drugs. Despite the 
beneficial effects of these drugs, new anticonvulsants with 


more selective action and less toxicity are needed (2). 


BACKGROUND 


In the development of new anticonvulsants, most attention has been 
centered on the ureide structure (I). Three succinimides, phensuximide, 
methsuximide, and ethosuximide, that contain this basic structure are 
used in the treatment of petit ma1 epilepsy (3). 


Witiak et al. (4) reported the synthesis and anticonvulsant activity of 
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the drug, briefly addresses the mode of action of the drug(s), lists the 
pharmaceutical preparations available with the recommended dosage, 
discusses the pharmacodynamic properties of the drug(s) in an uncom- 
plicated fashion, and describes the indications for use and adverse effects 
(toxicological and allergic). When appropriate, antidotal measures, drug 
interactions, and contraindications are included. 


The book is not a complete treatis on pharmacology and should not 
be expected to replace general pharmacology texts. Neither does it pro- 
vide an indepth discourse on the pathological signs or symptoms of dis- 
eases or their most appropriate therapeutic approach. It is an easily read 
introduction into each of these areas. As an aid in using the book as a 
reference in clinical pharmacology and therapeutics, the index lists the 
drugs, disease states, pathological conditions, and organisms responsible 
for infectious pathological diseases. The fact that the book is written and 
published in the United Kingdom does not detract from its potential, but 
perhaps limited, usefulness by US. pharmacists. 


Reviewed by A. E. Wade 
Department of Pharmacology 
School of Pharmacy 
University of Georgia 
Athens, GA 30601 


The Organic Chemistry of Drug Synthesis, Vol. 2. By DANIEL 
LEDNICER and LESTER A. MITSCHER. Wiley, 605 Third Ave., 
New York, NY 10016.1980.526 pp. 15 X 23 cm. Price $28.00. 
This book is Volume 2 in a series and apparently will be followed by 


future volumes as generic names are granted. Together, Volumes 1 and 
2 include syntheses for compounds granted a generic name by the USAN 
Council through 1976. 


In making a comparison between Volumes 1 and 2, one notices im- 
mediately that the latter volume is easier to read because of the darker 
type and greater spacing between lines. This volume, although not er- 
rorless, appears to contain fewer mistakes than the previous one. The final 
13 pages contain Errata for Volume 1. 


As the title implies, the major focus is on organic chemistry (particu- 
larly, drug synthesis), with appropriate brief mention of the associated 
pharmacological action. The authors have done a good job illustrating 
the reaction mechanisms for many synthetic pathways while keeping 
details to a minimum. Historical sidelights (e.g., cortisone story  on p. 176 
and LSD story on p. 476) also enliven the reading. 


This volume contains 16 chapters as opposed to 22 in Volume 1. Most 
of the same chapter headings are carried over in Volume 2. Deletions 
include: Chapter 1, Introduction; Chapter 2, A Case Study in Molecu]ar 
Manipulation: The Local Anesthetics; Chapter 7, Arylethylenes and 
Their Reduction Products (no mention of diethylstilbestrol or its de- 
rivatives in Volume 2); Chapter ll, Tetracyclines (this material is in- 
corporated into Chapter 7, Polycyclic Aromatic and Hydroaromatic 
Compounds); Chapter 12, Acyclic Compounds (new material is found 
in Chapter 1, Monocyclic and Acyclic Aliphatic Compounds); and 
Chapter 19, Phenothiazines (incorporated into Chapter 14, Heterocycles 
Fused to Two Benzene Rings). In addition to the chapter headings for 


various types of aliphatic, aromatic, and heterocyclic compounds, the 
chapters on steroids, morphinoids, benzodiazepines, and p-lactam an- 
tibiotics are retained. Changes in chapter organization were necessitated 
by the relative amounts of new work. Volume 2 contains several examples 
of antineoplastic drug syntheses, which were lacking in the previous 
volume. The valuable Cross Index of Druge also is retained. 


This book fills a previous void since medicinal chemistry texts some- 
times must slight the presentation of drug synthesis. This reviewer finds 
it to be a valuable contribution, which should be particularly useful to 
practicing medicinal and organic chemists as well as to students of these 
disciplines. 


Reviewed by Milton J. Kornet 
College of Pharmacy 
University of Kentucky 
Lexington, KY  40506 
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and: 


rate = - - t-”2 


where ( d Q / ~ l t ) ~ ~  is the slope of the steady-state portion of the curve from 
a diffusion cell experiment (Fig. 5) and the other terms are as were de- 
fined. This approach is valuable in screening compounds to assess 
whether release rates are consistent with their biological dosing pat- 
terns. 
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Abstract Several alkyl and polyhalophenyl esters of benzo[b]thio- 
phene-3-carbamic acid were prepared and tested for antibacterial and 
antifungal activities. Two compounds exhibited the highest activity of 
growth inhibition against some bacteria and fungi. 


Keyphrases Antibacterial activity-alkyi and polyhalophenyl esters 
of benzo[b]thiophene-3-carbamic acid 0 Antifungal activity-alkyl and 
polyhalophenyl esters of benzo[b]thiophene-3-carbamic acid 0 Ben- 
zo[b]thiophene-3-carbamic acid-alkyl and polyhalophenyl esters, 
synthesis, antibacterial and antifungal activities 


Dialkylaminoalkyl esters of benzo[b] thiophene-2-car- 
boxylic acid’ reportedly are useful as hypotensive, anti- 
viral, and antifungal agents (1). Derivatives of benzo[b]- 
thiophene-2-carboxamide were reported to have local 
anesthetic and analgesic activities (2). Some carbamic 
acids having the benzo[b] thiophene moiety showed pest- 
icidal, fungicidal, and insecticidal activities (3). 


1 Benzo[b]thiophene also is known as thianaphthene. 


In continuing studies on the chemistry and antibacterial 
and fungicidal activities of carbamic acid esters (4-7), alkyl 
and polyhalophenyl esters of benzo[b] thiophene-3-car- 
bamic acid were synthesized and their efficacy was de- 
termined. 


DISCUSSION 


Chemistry-The desired compounds were prepared according to 
Scheme I. 


The reaction of N-bromosuccinimide with readily available 3-chlo- 
romethylbenzo[b]thiophene (I) (8) afforded 11. Hydrolysis of I1 gave 
benzo[b]thiophene-3-carboxylic acid (111) (9). Compound I11 was con- 
verted to benzo[b]thiophene-3-carboxyhydraride (V) by a literature 
method (10). The hydr&ide (V) then was transformed to the carboxazide 
(VI) by reaction with sodium nitrite in acetic acid. Curtius rearrangement 
of the azide was achieved readily through heating with alcohols or with 
polyhalophenols in refluxing benzene. The physical data of the com- 
pounds prepared are summarized in Table I. 


Antifungal and Antibacterial Activities-All compounds listed in 
Table I were tested against Candida albicans (280121, Penicillium not- 
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Table I-Physical Constants of Benzo[ blthiophene-3-carbamic Acid Esters 


ComDound R Yield, % Melting Point" Formula 
Analysis, % 


Calc. Found 


VIIa 


VIIb 


VIIC 


VIId 


VIIe 


VIIf 


VIIg 


VIIh 


VIIi 


VIIj 


VIIk 


VIIl 


VIIm 


VIIn 


VIIo 


VIIp 


VIIq 


VIIr 


CH3 


C2H5 


n-CsH7 


n-C4H9 


n-CeH13 


Cyclohexyl 


C6H5 


O-ClCeH4 


rn-ClCeH4 


p-ClC6H4 


p-BrCsH4 


2,3-Dichlorophenyl 


2,4-Dichlorophenyl 


2,6-Dichlorophenyl 


2,4,5-Trichlorophenyl 


2,4,6-Trichlorophenyl 


2,4,6-Tribromophenyl 


Pentachlorophenyl 


82 


80 


75 


80 


75 


75 


60 


85 


85 


80 


65 


45 


45 


45 


80 


65 


60 


62 


63-65' 


67-70' 


56-58' 


70-73' 


55-57' 


95-97' 


103-105' 


142-144' 


114-116' 


131-133' 


138-140' 


125-127' 


164-166" 


152-154' 


170-172' 


160-162' 


172-174' 


160-162' 


c 57.97 
H 4.35 
N 6.76 c 59.73 
H 4.98 
N 6.33 
C 61.28 
H 5.53 
N 5.96 
C 62.65 
H 6.02 
N 5.62 
C 64.98 
H 6.86 
N 5.05 
C 65.45 
H 6.18 
N 5.09 
C 66.91 
H 4.09 
N 5.20 
C 59.31 
H 3.29 
N 4.61 
C 59.31 
H 3.29 
N 4.61 
C 59.31 
H 3.29 
N 4.61 
C 51.72 
H 2.87 
N 4.02 
C 53.25 
H 2.66 
N 4.14 
C 53.25 
H 2.66 
N 4.14 
C 53.25 
H 2.66 
N 4.14 
C 48.32 
H 2.15 
N 3.76 
C 48.32 
H 2.15 
N 3.76 c 35.57 
H 1.58 
N 2.77 
C 40.77 
H 1.36 
N 3.17 


57.73 
4.51 
6.95 


59.91 
4.79 
6.51 


61.09 
5.38 
6.18 


62.84 
5.89 
5.43 


64.79 
6.63 
4.88 


65.27 
6.02 
4.93 


66.72 
4.28 
5.38 


59.50 
3.48 
4.82 


59.12 
3.46 
4.52 


59.50 
3.46 
4.48 


51.53 
2.64 
3.85 


53.44 
2.84 
4.32 


53.05 
2.84 
4.02 


53.15 
2.84 
4.32 


48.15 
2.02 
3.89 


48.51 
2.37 
3.65 


35.74 
1.79 
2.96 


40.56 
1.17 
3.39 


All compounds were crystallized from ether-petroleum ether. 


atum (S-13), and Aspergillus niger (23171) in uitro using Sabouraud 
dextrose agar medium2. 


Each compound was dissolved in acetone to a concentration of 1 mg/ml. 
These solutions were diluted with hot culture medium to the desired 
concentrations and autoclaved at  120' for 2 hr. Five replicates of each 
concentration were prepared. The antifungal activity of all compounds 
tested, except VIIo and VIIr, was insignificant a t  a concentration of 10 
pg/ml against A. niger and C. albicans, while most compounds were ef- 
fective at  this concentration against P. notaturn. Griseofulvin was used 
as a control (Table 11). 


All compounds also were tested against Bacillus subtilis (NCTC 3610), 
Staphylococcus aureus (ATCC 6538), and Escherichia coli (ATCC 
10536). Nitrofurantoin was used as a control. The compounds were dis- 
solved in dimethylformamide and diluted to a 0.5% concentration. 
Standard paper disks with a 6-mm diameter were immersed in the so- 
lution and were placed on the inoculated assay medium surface3. 


All of the compounds tested, except VIIo and VIIr, had insignificant 
antibacterial activity against S. aureus. Compounds VIIrn and VIIo-VIIr 


2 These microorganisms were obtained from the Department of Parasitology, 


3 BP (1968) antibiotic assay medium. 
Public Health Institute, Tehran, Iran. 


exhibited moderate activity against B. subtilis. The activity of VIIo, VIIq, 
and VIIr against E. coli was significant (Table 111). 


EXPERIMENTAL4 


Benzo[ b]thiophene-3-carboxylic Acid (111)-A mixture of I (18.25 
g, 0.1 mole) and N-bromosuccinimide (35.6 g, 0.2 mole) in 250 ml of car- 
bon tetrachloride was irradiated with a 500-w lamp5 while heating and 
stirring at  reflux temperature for 4 hr. Then the reaction mixture was 
cooled and filtered, and the solvent was evaporated. The residue was 
made alkaline with 300 ml of 10% sodium carbonate solution and was 
heated with stirring on a steam bath for 2 hr. The mixture was cooled and 
extracted with 200 ml of benzene. Acidification of the aqueous sodium 
carbonate portion with 6 N HCI gave a precipitate. This precipitate was 
filtered and crystallized from benzene to give 4.4 g (55% yield) of 111, mp 
175-176' [lit. (9) mp 175-176'1. 


4 Melting points were taken on a Kofler hot-stage microscope and are uncorrected. 
IR spectra were recorded using a Perkin-Elmer 267 spectrometer. NMR spectra 
were determined with a Varian T-60A instrument. Mass spectra were recorded on 
a Varian Mat 111 instrument. 


6 General Electric photospot lamp. 
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Table 11-Antifungal Activity of Benzo[ blthiophene-3-carbamic Acid Esters 


A. niger C. albicans P. notaturn 
Compound 10 pglml 20 pglml 50 pg/ml 10 pg/ml 20 pg/ml 50 pg/ml 10 pg/ml 20 pg/ml 50 pg/ml 


VIIa 
VIIb 
VIIC 
VIM 
VIIe 
VIIf 
VIIg 
VIIh 
VIIl 
VIIj 
VIIk 
VIIl 
VIIm 
VIIn 
VIIo 
VIIp 
VIIq 
VIIr 
Griseofulvin 


+ + + + + + + + + + 
t + + + + + + + + 


+ + + + + 
t 
t + 
+ 
+ + + + 
t + + + 


- 


- 


+ + 
+ 
+ + + 
+ 
+ + + + + + + + 


- 


- 


- 
- 


+ + 
t + + + + + + + + + + + + + + + + 


Key: + = complete inhibition and - = no inhibition 


N-bromosuccinimide 


I 
$1 


I1 111 


Iv v 


VI VII 
Scheme I 


Benzo[ blthiophene-3-carboxazide (V1)-To a stirring solution of 
V (19.2 g, 0.1 mole) (10) in 200 ml of 50% acetic acid a t  0" was added 
dropwise a solution of sodium nitrite (6.9 g, 0.1 mole) in 100 rnl of water. 
The reaction mixture was stirred for an additional 30 min. The precipitate 
was filtered, washed with water, dried a t  room temperature under reduced 
pressure, and crystallized from ether-petroleum ether to give 4 g (76% 
yield) of VI, mp 103-105'; IR (KBr): 2170 (azide) cm-'. 


Anal.-Calc. for CgHsN30S: C, 53.20; H, 2.46; N, 20.69. Found: C, 
53.45; H, 2.64; N, 20.85. 


Methyl Benzo[ blthiophene-3-carbamate (V1Ia)-A solution of 
VI (2.03 g, 0.01 mole) in 20 ml of methanol was refluxed for 6 hr. The 
solvent was evaporated, and the residue was crystallized from ether- 
petroleum ether to give 1.70 g (82% yield) of VIIa, mp 63-65'; IR (KBr): 
3340 (NH) and 1700 (ester) cm-'; NMR (CDCI:i): 6 8.10-7.33 (m, 5H, 
aromatic), 7.05 (broad s, l H ,  NH), and 3.85 (s, 3H, 0CH:J ppm; mass 
spectrum: m/z (relative intensity) 207 (M+, loo), 175 (57), 148 (39), and 
121 (39). 


Anal.-Calc. for CloHyN02S: C, 57.97; H, 4.35; N, 6.76. Found: C, 57.73; 
H, 4.51; N, 6.95. 


Comuounds VIIb-VIIf were ureuared similarlv (Table I). 
Phenyl Benzo[ b]thiophene-3lcarbamate (VIIg)-A solution of 


VI (2.03 g, 0.01 mole) and phenol (0.94 g, 0.01 mole) in 30 ml of dry ben- 
zene was refluxed for 5 hr, and the mixture then was filtered. The solvent 
was evaporated, and the residue was crystallized from ether-petroleum 
ether to give 1.61 g (60% yield) of VIIg, mp 103-105'; IR (KBr): 3280 
(NH)  and 1710 (CO) cm-l. 


Anal.-Calc. for C15H11N02S: C, 66.91; H, 4.09; N, 5.20. Found: C, 


Tab le  111-Antibacterial Activity 8 of Benzo[ blthiophene-3- 
carbamic  Acid Es te rs  


Average Inhibition Zone Diameter, mm 
Compound E. coli S. aureus R. subtilis 


- - - VIIO 
VIIb 
VIIC 
VIId 
VIIe 
VIIf 
VIIg 


12 VIIh 
VIIi 8 
VIIj - 
VIIk 


20 
VIIl 
VIIrn 
VIIn 
VIIO 22 17 15 


15 VIIp 11 
20 VIIq 24 - 


VIIr 30 24 20 
Nitrofurantoin 25 25 25 


- - - 
- 14 10 
- - - 
- - - 


- 12 - 
8 12 - 
- - 
- - 
- - 


- - - 
- - - 
- - 
- - - 


- 


a Key: - = inactive 


66.72; H, 4.28; N, 5.38. 
Compounds VIIh-VIIr were prepared similarly (Table I), 
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Table 11-Desorption from Hydrocortisone-Sepiolite Suspensions by Washing with Water 


Hydrocortisone 
DH Adsorbed. mele 


Hydrocortisone Desorbed, mglg 
First Wash Second Wash Third Wash 


2.9 
6.8 
9.8 


5.75 
7.91 
6.69 


1.03 
3.17 
1.50 


0.63 
1.45 
0.88 


0.60 
0.86 
0.80 


sample compared to the iron content of the attapulgite studied previously 
(2.6%). The oxidative degradation of hydrocortisone is affected minimally 
by sepialite, although significant adsorption occurs. Adsorption of hy- 
drocortisone by sepiolite can be explained by the high external surface 
area of sepiolite (400 m2/g). However, attapulgite also has a significant 
external surface area (280 m2/g), but no adsorption of hydrocortisone by 
attapulgite was observed by IR spectroscopy (1). It is hypothesized that 
the contact time needed for adsorption is greater than the contact time 
needed for the ferric iron-catalyzed oxidative degradation. Thus, in clays 
with a high ferric iron content, oxidative degradation is the predominant 
reaction. However, in clays such as sepiolite with a low ferric iron content 
and, therefore, a much smaller catalytic effect, the major reaction is ad- 
sorption. 


The results of this study strongly suggest that sepiolite should be 
considered for use in pharmaceuticals. It has a very similar structure to 
attapulgite but a greater external surface area, which suggests that sep- 
iolite will have excellent properties as a GI adsorbent. In addition, sep- 
iolite is a desirable clay for use as a pharmaceutical excipient since its low 
ferric iron content means that it is compatible with drugs such as hy- 
drocortisone that degrade by oxidative degradation. In addition, the 
reversible nature of the adsorption of hydrocortisone by sepiolite suggests 
that the bioavailability of neutral drugs will not be affected significantly 
by interaction with sepiolite. Finally, the rheological properties of sep- 
iolite suspensions are very similar to attapulgite suspensions. 
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Abstract 0 Several derivatives of’ (R,S)-2-amino-N-substituted suc- 
cinimides were synthesized and evaluated in mice against seizures pro- 
duced by electroshock and pentylenetetrazol. The most active compound 
against both electroshock- and pentylenetetrazol-induced seizures was 
(R,S)-N-benzyl-2-(methanesulfamido)succinimide. 


Keyphrases 0 2-Amino-N-substituted succinimide derivatives-syn- 
thesis and evaluation for anticonvulsant activity 0 Anticonvulsant ac- 
tivity-2-amino-N-substituted succinimide derivatives, synthesis and 
evaluation for activity Structure-activity relationships-2-amino- 
N-substituted succinimide derivatives, synthesis and evaluation for 
anticonvulsant activity 


Many epileptic seizures cannot be controlled by cur- 
rently available anticonvulsants. Furthermore, those in- 
dividuals whose seizures are controlled often tolerate 
harmful side effects (1). The development of carbamaze- 
pine and valproic acid has improved seizure protection for 
epileptics, of whom only 50% were completely protected 
by previously marketed antiepileptic drugs. Despite the 
beneficial effects of these drugs, new anticonvulsants with 


more selective action and less toxicity are needed (2). 


BACKGROUND 


In the development of new anticonvulsants, most attention has been 
centered on the ureide structure (I). Three succinimides, phensuximide, 
methsuximide, and ethosuximide, that contain this basic structure are 
used in the treatment of petit ma1 epilepsy (3). 


Witiak et al. (4) reported the synthesis and anticonvulsant activity of 
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chiral 2-amino-N-benzyl-substituted succinimides. The most potent 
anticonvulsant activity against maximal electroshock was observed with 
the enantiomorphic imides I1 and 111. However, no stereoselective dif- 
ferences in anticonvulsant activity were observed with the (5')-I1 and 
(R)-111 enantiomorphs. 


The purpose of this investigation was to evaluate the anticonvulsant 
activity of 2-amino-N-substituted succinimide derivatives in which the 
lipophilicity of the groups on the nitrogen and at  the 2-position was 
varied. The relationship between log p of the compound and anticon- 
vulsant activity was discussed previously (5,6). 


Sulfonamide or urea derivatives of (R,S)-2-amino-N- (n-propy1)- 
succinimide hydrochloride (VII) and (R,S)-2-amino-N-benzylsuccini- 
mide hydrochloride (VIII) are described. These derivatives were chosen 
because both the size and the lipophilicity of the substituent could be 
varied easily. Additionally, previous investigators showed that nitro- 
gen-containing substituents a t  the 2-position of the succinimide ring 
imparted good anticonvulsant activity (7). Based on the findings of Wi- 
tiak et al. (4), no attempt was made to prepare the individual enantio- 
morphs of the compounds. 


RESULTS AND DISCUSSION 


The succinimide derivatives (V-XI) were prepared as shown in Scheme 
I, and the physical properties of the (R,S)-2-ureido-N-substituted suc- 
cinimides (IXa-IXj) are given in Table I. 


The anticonvulsant activity of V-XI is shown in Table 11. Only VI, VIII, 
IXd, and XI (EDm = 288) exhibited activity in the maximal electroshock 
seizure (MES) test. Witiak et al. (4) reported the anticonvulsant activity 
of the individual enantiomorphs of VI. I t  is surprising that the polar 
compounds VIII and XI exhibited activity against MES. Only VIII was 
active against MES at 4 hr after administration. Several succinimide 
derivatives (V, VI, VIII, IXc, IXh-IXj, X, and XI) were active against 
subcutaneous pentylenetetrazol-induced seizures. Compound VIII 
showed activity a t  300 mg/kg (four out of four mice protected) a t  0.5 hr 
after administration. The ED50 of the sulfonamide XI was 120 mg/kg at  
the time of the peak effect (0.5 hr). Both VIII and XI (TD50 = 422) ex- 
hibited significant toxicity in the rotorod test. Among the ureas, IXc 
appeared to be the most active. To observe activity against subcutaneous 
pentylenetetrazol-induced seizures in the urea series, a propyl, butyl, or 
2-chloroethyl group on one of the urea nitrogens is necessary. 


It appears that the 2-amino-N-benzylsuccinimide derivatives are more 
active than the corresponding 2-amino-N- (n-propy1)succinimides. The 
introduction of a urea substituent into the 2-position of the succinimide 
ring does not impart significant activity. The activity of (R,S)-2- 
amino-N- benzylsuccinimide hydrochloride (VIII) and (R,S)-N-ben- 
zyl-2-(methanesulfamido)succinimide (XI) against both maximal eIec- 
troshock seizure and subcutaneous pentylenetetrazol-induced seizure 
is interesting since they are quite polar and are expected to penetrate the 
blood-brain barrier poorly. Further work is in progress to evaluate the 
anticonvulsant activity of VIII and XI as well as to prepare other hy- 
drophilic derivatives related to these two compounds. 


EXPERIMENTAL' 


(R,S) -N-Acetylaspartic Acid (1V)-Compound IV was prepared 
by the method of Barker (8) in an 83% yield, mp 163-165' [lit. (8) mp 
139-140'1. 
(R,S)-2-Acetamido-N-(n-propy1)succinimide (V)-A mixture of 


IV (23.0 g, 0.13 mole) and n-propylamine (15.5 g, 0.26 mole) was heated 
to 210'. Water was removed during heating uia a Dean-Stark trap. The 
reaction mixture was cooled to yield a dark-brown oil. The oil was taken 
up into chloroform (100 ml) and chromatographed on a silica gel column 


Melting points were determined on a Fisher-Johns melting-point apparatus 
and are uncorrected. 1R spectra were recorded as potassium bromide pellets with 
a Perkin-Elmer 137 spectrophotometer. NMR spectra were recorded on a Varian 
EM 360A spectrometer. Chemical shifts are reported in parts per million (6) relative 
to tetramethylsilane (1%) as the internal standard. Analytical data were obtained 
from Micro-Analysis Inc., Wilmington, Del. TLC was performed on precoated silica 
el plastic sheets (Macherey-Nagel). Column chromatography was carried out using 


hN-Kieselgel(70-325 mesh) as the adsorbent. 


0 a: I "ao 0 1 


I1 111 


with chloroform-ethanol (R2) as the solvent. Evaporation of the solvent 
gave 13.4 g (52%) of a light-tan solid. Recrystallization from chloro- 
form-hexane gave an analytically pure product, mp 104-106°; IR (KBr): 
3400 (NH), 1785 (C=O, imide), 1710 (C=O, imide), and 1670 (C=O, 
amide) cm-'; NMR (CDCl3): 6 0.90 (t, 3H, J = 7 Hz, NCH&H2CH3), 1.60 
(m, 2H, NCH2CH2CH3), 2.03 (s, 3H, NCOCHs), 2.57-3.60 (m, 4H, ring 
CH2 and NCHz), 4.27 (m, IH, ring CH), and 7.17 (d, 2H, NHCO). 


And-Calc. for C~Hl4N203: C, 54.52; H, 7.13; N, 14.13. Found: C, 
54.27; H, 7.22; N, 13.96. 
(R,S)-2-Acetamido-N-benzylsuccinimide (V1)-Compound VI 


was prepared from IV (20.0 g, 0.11 mole) and benzylamine (12.2 g, 0.11 
mole) in the same manner as described for the synthesis of V. Recrys- 
tallization from ethanol-ethyl acetate gave analytically pure material, 
mp 172-174' [lit. (4) mp of the (R)-  or (S)-enantiomer 171-175'1; IR 
(KBr): 3400 (NH), 1785 (C=O, imide), 1710 (C=O, imide), and 1667 
(C=O, amide) cm-'. 


Anal.-Calc. for C13H14N203: C, 63.39; H, 5.74; N, 11.38. Found: C, 
63.16; H, 5.60; N, 11.35. 
(R,S)-2-Amino-N-(n-propy1)succinimide Hydrochloride 


(VI1)-A suspension of V (3.00 g, 0.15 mole) in 27 ml of 6 N HCl was 
refluxed for 0.5 hr until a clear solution was obtained. The reaction 
mixture was cooled, made basic with 8 N NHIOH, and extracted with 
two 75-ml portions of chloroform. The combined chloroform extracts were 
dried (sodium sulfate), filtered, and evaporated under reduced pressure 
to afford a light-yellow oil. The oil was taken up into absolute ethanol and 
converted to a crystalline hydrochloride derivative. Recrystallization from 


0 0 
II 


HCCH, 
II 


NHCCHB R,N% do 1. 2. H30*  OH- - I 
HOOCCH,CHCOOH - 


A21Oo 3. HCl 


I Iv 
R1 


V: R ,  = CH,CH,CH, 
VI: R, = CH,C,H, 


VII: R ,  = CH,CH,CH, 
VIII: R ,  = CH,C,H, 


k, 
IX 


I 
R, 


X: R ,  = CH,CH,CH,, 
XI:  R ,  = CH,C,,H, 


Scheme I 
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Table I-Physical Properties of (R,S)-2-Ureido-N-substituted Succinimides (IX) 


Recrystal- 
lization Analysis, % 


Melting Point Yield, % Solvent" Formula Calc. Found Compound Ri Rz 


IXa 


IXb 


IXC 


IXd 


IXe 


IXf 


1% 


IXh 


IXi 


IXj 


CH3 


CHzCH3 


CHzCH2CH3 


CHzCHzCHzCH3 


CHzCHzCl 


CH3 


CHzCH3 


CHzCHzCH3 


CHzCH2CHzCH3 


CHzCHzCl 


117-118" 


84-87" 


102-104' 


101-102' 


133-135' 


163-165' 


139-141' 


147-149' 


145-147" 


191-194" 


43 


57 


52 


68 


62 


69 


49 


70 


62 


71 


A 


A 


A 


A 


A 


B 


B 


A 


A 


B 


C 50.68 
H 7.10 
N 19.71 
C 52.84 
H 7.55 
N 18.49 c 54.74 
H 7.95 
N 17.42 
C 56.43 
H 8.31 
N 16.46 
C 45.88 
H 6.17 
N 16.06 c 59.75 
H 5.80 
N 16.08 
C 61.07 
H 6.24 
N 15.26 
C 62.26 
H 6.63 
N 14.52 
C 63.34 
H 6.99 
N 13.85 
C 54.27 
H 5.23 
N 13.57 


50.70 
7.20 


19.60 
52.81 
7.58 


18.50 
54.55 
8.04 


17.31 
56.29 


8.39 
16.33 
46.13 


6.15 
16.24 
59.70 
5.83 


16.32 
61.37 
6.24 


15.39 
62.42 


6.59 
14.50 
63.56 


6.98 
14.06 
54.37 
5.50 


13.50 


A = acetone-ether, and B = acetone. 


Table 11-Anticonvulsant Activity of Succinimide Derivatives 


Compound 
MES Activityn 


0.5 hr 4 hr 
sc Met ActivityaZb 


0.5 hr 4 hr ToxicityC 


014 
014 
014 


014 
014 


- 014 
- 314 at 600 mgkg 


014 
014 
014 


- +++ (114) - 014 
014 
014 
014 


- 
- + (114) 


++ (214) 
V 


VI 


VIII ++ (414) - 414 at 600 mgkg 
VII 


++ (414) + (1/4) IXa - 


- - +: (314) 
IXb 
IXC 


+ (214) + IXd 
IXe 
IXf 


IXi 


XI 288d (217-310)e,f - 120d (90-166)e,f - 4228 (390457)"~f 


IXj 
X 


Phensuximide l l Z d  1104-131)"*f 50 (21-65)e*f 2328 (187-267)e,f 


- - 
- 


- + - - - 
- - - 


- - - 


- 
- 


- - - 
- - - - 
- - - - 


- 
- 


- ++ (114) 
- - +++ (114) 


++ (414) 


- - 3 
- - 


~ 


(I +++, ++, and + signify activity at 100,300, and 600 mgkg, respectively; - denotes no activity observed at 600 mgkg. * Numbers in parentheses indicate the number 
Number of animals exhibiting neurotoxicity as determined by the of animals protected against sc Met-induced seizures or maximal electroshock-induced seizures. 


rotorod test. EDSO. The 95% confidence limits. f Determined at time of the peak effect (0.5 hr). 8 TDm. 


absolute ethanol-ether gave 1.68 g (58%) of a white solid, mp 207-208'; 
IR (KBr): 2750 (NH;), 1785 ( C 4 ,  imide), and 1710 (C=O, imide) cm-'; 
NMR, (DzO): 6 0.80 (t, 3H, J = 7 Hz, NCHZCH~CH~),  1.57 (m, 2H, 
NCHZCH~CH~), 2.60-3.63 (m, 4H, ring CH2 and NCHz), and 4.47 (m, 
lH, ring CH). 


Anal.-Calc. for C7H13ClN202: C, 43.63; H, 6.81; N, 14.54. Found C, 
46.61; H, 6.73; N, 14.53. 
(R,S)-2-Amino-N-benzylsuccinimide Hydrochloride (VII1)- 


Compound VIII was prepared, as described for VII, from VI (3.12 g, 0.13 
mole) and 27 ml of 6 N HCl. Workup in the normal manner gave 1.84 g 
(71%) of the free base, mp 67-68'. The hydrochloride was prepared and 
recrystallized from absolute ethanol to give analytically pure material, 
mp 217.5-219'; IR (KBr): 2750 (NH;), 1785 (C=O, imide), and 1710 
(C=O, imide) cm-'; NMR (dimethyl sulfoxide-&): 6 2.90-3.17 (m, 3H, 
ring CH2 and CH), 4.57 (s, 2H, NCH2), 7.40 (s,5H, C6H5), and 9.20 (s, 3H, 
NH:). 


synthesis of (R,S)-2-[3-(2-chloroethyl)ureido]-N-(n-propyl)succinimide 
(IXe) is representative of the general method. The amine hydrochloride 
(VII) (2.00 g, 0.010 mole) and triethylamine (1.05 g, 0.010 mole) in 50 ml 
of tetrahydrofuran were stirred for a few minutes and treated with 2- 
chloroethyl isocyanate2 (1.10 g, 0.010 mole). The reaction mixture was 
stirred overnight and filtered to remove the precipitated triethylamine 
hydrochloride. The filtrate was removed under reduced pressure to yield 
a white solid. Recrystallization of the solid from acetone-ether gave 1.45 
g (62%) of analytically pure product, mp 133-135'; IR (KBr): 3320 (NH), 
1785 (C=O, imide), 1710 (C=O, imide), and 1670 (C=O, urea) cm-'; 
NMR (CDC13): 6 0.87 (t, 3H, J = 6 Hz, NCHZCH~CH~), 1.47 (m, 2H, 
NCH~CHZCH~),  2.30-3.72 (m, 8H, NCH2CH2CH3, ring CHz, and 
CH2CH2Cl). 4.40 (m, lH, ring CH), and 6.37-6.87 (m, 2H, NHCONH). 


Anal.-Calc. for C10H16ClN303: C, 45.88; H, 6.17; N, 16.06. Found: C, 
46.13; H, 6.15; N, 16.24. 
(R,S)-Z-Methanesulfarnido-N-(n-propyl)succinirnide (X)-A 


Aha[.-Calc. for CllH13CIN202: C, 54.88; H, 5.45; N, 11.64. Found: C, 
55.15; H, 5.38; N, 11.65. 


(R,S)-2-Ureido-N-substituted Succinimides (IXa-1Xj)-The * Eastman Kodak. 
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solution of VII as the free base (1.96 g, 0.013 mole) in 50 ml of tetrahy- 
drofuran was treated with triethylamine (1.27 g, 0.013 mole), followed 
by the dropwise addition of methanesulfonyl chloride (1.43 g, 0.013 mole). 
The reaction mixture was stirred at  room temperature for 4 hr and fdtered 
to remove the precipitated triethylamine hydrochloride. The filtrate was 
evaporated under reduced pressure to yield a light-yellow oil. Column 
chromatography of the oil using silica gel as the adsorbent and chloro- 
form-methanol (91) as the solvent gave, after evaporation of the solvents, 
0.77 g (26%) of a white crystalline solid. An analytical sample was obtained 
by recrystallization from chloroform-hexane to give white crystals, mp 
82-83O; IR (KBr): 3300 (NH), 1785 (C=O, imide), 1710 (C=O, imide), 
and 1150 (SO2) cm-’; NMR 6 0.90 (t, 3H, J = 6 Hz, NCH&H&H&, 1.60 
(m, 2H, NCH~CHZCH~), 2.40-3.67 (m, including s at 3.13,7H, SOZCH~), 
4.47 (m, lH, ring CH), and 5.77 (s, lH,  NH). 


Anal.-Calc. for C ~ H ~ ~ N Z O ~ S :  C, 41.01; H, 6.03; N, 11.96. Found C, 
41.19; H, 5.90; N, 12.22. 


(R,S)  -N-Benzyl-2-(methanesu1famido)succinimide (XI)- 
Compound XI was synthesized from VIII as the free base (1.00 g, 0.005 
mole), triethylamine (0.496 g, 0.005 mole), and methanesulfonyl chloride 
(0.561 g, 0.005 mole) in 50 ml of tetrahydrofuran in the same manner as 
described for X. Recrystallization of the solid product from chloro- 
form-hexane gave 0.729 g (57%) of analytically pure product, mp 118- 
121’; IR (KBr): 3300 (NH), 1785 (C=O, imide), 1710 (C=O, imide), and 
1150 (SOz)  cm-’; NMR (CDC13): 6 2.50 (m, including s a t  3.10, 5H, 
SOzCHs), 4.10-4.77 (m, including s at  4.63,3H, NCHzC&), 5.77 (d, lH, 
NH),and 7.33 (s, 5H,C,jH5). 


Anal.-Calc. for C ~ ~ H I ~ N ~ O ~ S :  C, 51.04; H, 5.01; N, 9.92. Found: C, 
50.97; H, 4.91; N, 10.08. 


Pharmacological Testing3-Three tests were performed: the max- 
imal electroshock seizure test (MES), the subcutaneous pentylenetetrazol 
seizure threshold test (sc Met), and the rotorod test to evaluate neuro- 
toxicit+. 


All tests were performed on male Carworth Farms No. 1 mice. All 
compounds were tested a t  30,100,300, and 600 mgkg at  30 min and 4 
hr after intraperitoneal administration. Four animals were injected with 
each dose. After 30 min, each animal was examined for toxicity in the 


rotorod test. Immediately thereafter, anticonvulsant activity was eval- 
uated by subjecting one mouse to the MES test and another to the sc Met 
test. The same tests were repeated 4 hr later on the two remaining 
mice. 


All compounds were solubilized in either 0.9% NaCl or 30% polyeth- 
ylene glycol 400 and administered intraperitoneally in a volume of 0.01 
ml/g. The ED50 and TD50 values and their confidence limits were de- 
termined by the method of Litchfield and Wilcoxon (11). The MES ac- 
tivity is defined as abolition of the hindlimb tonic extensor component 
of the maximal electroshock seizure elicited in mice with a 60-Hz alter- 
nating current of 50 mamp delivered for 0.1 sec via corneal electrodes. 
The sc Met activity is defined as failure to observe even a threshold sei- 
zure (a single episode of clonic spasms of a t  least 5 sec). 
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Abstract The first-pass effect results from metabolism during the first 
liver passage of a drug given by mouth. The metabolism is described by 
the Michaelis-Menten equation, but the integrated form of the Mi- 
chaelis-Menten equation has no explicit solution for concentration and 
its handling requires a computer. However, the presented nonlinear 
equation of the first-pass effect is an explicit integration of the Michae- 
lis-Menten equation and involves only general mathematics. However, 
the problem of evaluating the Michaelis-Menten constants V, and K, 


is not resolved. Therefore, linear equations are also derived, which cor- 
respond to previous clearance models. 


Keyphrases Pharmacokinetics-first-pass effect, nonlinear approach 
to solution of MichaeliMenten equation First-pass effect-nonlinear 
approach to solution of integrated Michaelis-Menten equation 0 Mi- 
chaelis-Menten kinetics-first-pass effect, nonlinear approach 0 
Clearance-first-pass effect, nonlinear approach to solution of integrated 
Michaelis-Menten equation 


First-pass effect is defined as the reduced systemic 
bioavailability resulting from metabolism during the first 
liver passage of an orally administered drug (Fig. 1) (1). 


The mathematical description of this effect usually is 
based on first-order compartment or clearance models 
(1-3). However, metabolism follows nonlinear kinetics 
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the drug, briefly addresses the mode of action of the drug(s), lists the 
pharmaceutical preparations available with the recommended dosage, 
discusses the pharmacodynamic properties of the drug(s) in an uncom- 
plicated fashion, and describes the indications for use and adverse effects 
(toxicological and allergic). When appropriate, antidotal measures, drug 
interactions, and contraindications are included. 


The book is not a complete treatis on pharmacology and should not 
be expected to replace general pharmacology texts. Neither does it pro- 
vide an indepth discourse on the pathological signs or symptoms of dis- 
eases or their most appropriate therapeutic approach. It is an easily read 
introduction into each of these areas. As an aid in using the book as a 
reference in clinical pharmacology and therapeutics, the index lists the 
drugs, disease states, pathological conditions, and organisms responsible 
for infectious pathological diseases. The fact that the book is written and 
published in the United Kingdom does not detract from its potential, but 
perhaps limited, usefulness by US. pharmacists. 


Reviewed by A. E. Wade 
Department of Pharmacology 
School of Pharmacy 
University of Georgia 
Athens, GA 30601 


The Organic Chemistry of Drug Synthesis, Vol. 2. By DANIEL 
LEDNICER and LESTER A. MITSCHER. Wiley, 605 Third Ave., 
New York, NY 10016.1980.526 pp. 15 X 23 cm. Price $28.00. 
This book is Volume 2 in a series and apparently will be followed by 


future volumes as generic names are granted. Together, Volumes 1 and 
2 include syntheses for compounds granted a generic name by the USAN 
Council through 1976. 


In making a comparison between Volumes 1 and 2, one notices im- 
mediately that the latter volume is easier to read because of the darker 
type and greater spacing between lines. This volume, although not er- 
rorless, appears to contain fewer mistakes than the previous one. The final 
13 pages contain Errata for Volume 1. 


As the title implies, the major focus is on organic chemistry (particu- 
larly, drug synthesis), with appropriate brief mention of the associated 
pharmacological action. The authors have done a good job illustrating 
the reaction mechanisms for many synthetic pathways while keeping 
details to a minimum. Historical sidelights (e.g., cortisone story  on p. 176 
and LSD story on p. 476) also enliven the reading. 


This volume contains 16 chapters as opposed to 22 in Volume 1. Most 
of the same chapter headings are carried over in Volume 2. Deletions 
include: Chapter 1, Introduction; Chapter 2, A Case Study in Molecu]ar 
Manipulation: The Local Anesthetics; Chapter 7, Arylethylenes and 
Their Reduction Products (no mention of diethylstilbestrol or its de- 
rivatives in Volume 2); Chapter ll, Tetracyclines (this material is in- 
corporated into Chapter 7, Polycyclic Aromatic and Hydroaromatic 
Compounds); Chapter 12, Acyclic Compounds (new material is found 
in Chapter 1, Monocyclic and Acyclic Aliphatic Compounds); and 
Chapter 19, Phenothiazines (incorporated into Chapter 14, Heterocycles 
Fused to Two Benzene Rings). In addition to the chapter headings for 


various types of aliphatic, aromatic, and heterocyclic compounds, the 
chapters on steroids, morphinoids, benzodiazepines, and p-lactam an- 
tibiotics are retained. Changes in chapter organization were necessitated 
by the relative amounts of new work. Volume 2 contains several examples 
of antineoplastic drug syntheses, which were lacking in the previous 
volume. The valuable Cross Index of Druge also is retained. 


This book fills a previous void since medicinal chemistry texts some- 
times must slight the presentation of drug synthesis. This reviewer finds 
it to be a valuable contribution, which should be particularly useful to 
practicing medicinal and organic chemists as well as to students of these 
disciplines. 


Reviewed by Milton J. Kornet 
College of Pharmacy 
University of Kentucky 
Lexington, KY  40506 
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Degradation Product, p -n -Butylaminobenzoic Acid, by 
High-Performance Liquid Chromatography 
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Abstract A high-performance liquid chromatographic method was 
developed for the simultaneous determination of tetracaine hydrochloride 
and its hydrolytic degradation product, p-n-butylaminobenzoic acid. 
Separation was achieved using a pBondapak CIS column and the eluent, 
water-acetonitrile-methanol (602020), containing 0.06% (v/v) sulfuric 
acid, 0.5% (w/v) sodium sulfate, and 0.02% (w/v) sodium heptanesulfo- 
nate, at a flow rate of 2 ml/min. Salicylic acid and propiophenone were 
used as internal standards. The UV detector response at  305 nm was 
linear for tetracaine hydrochloride in the 0.4-2.0-mg/ml range and for 
p-n-butylaminobenzoic acid in the 0.00~.02-mg/ml range. The method 
is simple and precise. 


Keyphrases 0 Tetracaine-determination by high-performance liquid 
chromatography 0 p-n-Butylaminobenzoic acid-determination by 
high-performance liquid chromatography 0 High-performance liquid 
chromatography-determination of tetracaine, p-n-butylaminobenzoic 
acid 


Tetracaine, a widely used local anesthetic, is formulated 
either as a 1% solution in water or in combination with 
other p-aminobenzoic esters such as procaine and benzo- 
caine. Hydrolytic degradation of tetracaine occurs in so- 
lution, resulting in the formation of p -n -butylaminoben- 
zoic acid and diethylaminoethanol. p -n-Butylaminoben- 
zoic acid is only sparingly soluble in water and potentially 
can cause crystal deposition in tetracaine hydrochloride 
injection. 


BACKGROUND 


To study the ideal pH range for maximum stability of tetracaine hy- 
drochloride in water, it was necessary to determine accurately the intact 
drug and the extent of p-n-butylaminobenzoic acid formation at various 
pH values. The USP method for the tetracaine hydrochloride assay in- 
volves extraction of the drug as its free base and back-extraction into 
dilute acid followed by spectrophotometry (1). Although theoretically 
p-n-butylaminobenzoic acid can be determined in the aqueous phase 
after basic extraction of tetracaine, the values are likely to be high due 
to the greater susceptibility of tetracaine to alkaline hydrolysis during 
analytical manipulations. 


Therefore, it was necessary to develop a simple analytical scheme to 
determine both the intact drug and its degradation product, preferably 
by a single approach. The other available methods are measurement of 
refractive index, GLC, and partition chromatography (2-5), none of which 
is ideally suited for a simultaneous assay scheme. 


This paper describes a high-performance liquid chromatographic 
(HPLC) method for the determination of both tetracaine and p-n- 
butylaminobenzoic acid in tetracaine hydrochloride injection. The same 
chromatographic conditions also are applicable to the analyses of several 
other local anesthetics. 


EXPERIMENTAL 


The chromatographic system was equipped with a dual-piston recip- 
rocating pump', universal injector2, and a variable-wavelength UV de- 
tector3. The separation was performed on a 30-cm X 4-mm i.d. column 


Model 6000A, Waters Associates, Milford, MA 01757. 
Model U6K, Waters Associates, Milford, MA 01757. 
Model SF 770, Schoeffel, Westwood, NJ 07675, or model LC-55, Perkin-Elmer, 


Norwalk. CT 06856. 


containing microparticulate (10 pm) bonded octadecylsilane material4. 
The chromatographic peaks were electronically integrated and re- 
corded6. 


Eluent-The eluent was water-acetonitrile6-methanol6 (6020:20) 
containing 0.06% (v/v) sulfuric acid, 0.5% (w/v) sodium sulfate, and 0.02% 
(w/v) sodium heptane~ulfonate~ (pH 2.6). 


Internal Standard Solutions-A 10-mg/ml salicylic acids solution 
in methanol-water (1:l) was used as the internal standard for tetracaine, 
and a 10-mg/ml solution of propiophenones in methanol-water (1:l) was 
used as the internal standard for p-n-butylaminobenzoic acid. 


Standard Preparation-The standard solution was prepared by 
weighing 50 mg of tetracaine hydrochloride USP reference standard into 
a 50-ml volumetric flask. Five milliliters of a 0.05-mglmlp-n- butylami- 
nobenzoic acid reference standards in methanol-water (l:l), 20.0 ml of 


1 2  


3 


J 


Att'n X 128 Att'n X 8 
I I I I I 
0 4 8 12 16 


MINUTES 
Figure 1-HPLC analysis of tetracaine hydrochloride injection. Key: 
1, salicylic acid; 2, tetracaine; 3, propiophenone; and 4, p-n-butylami- 
nobenzoic acid. 


* PBondapak C18, Waters Associates, Milford, MA 01757. 
5 Model 3385A automation s stem, Hewlett-Packard, Avondale, CA 19311. 
6 Distilled in glass, Burdick 


9 Alfred Bader Chemicals, Aldrich Chemical Co., Milwaukee, WI 53233 (char- 


Jackson, Muskegon, MI 49442. 
Eastman Organic Chemicals, Rochester, NY 14650. 
Aldrich Chemical Co., Milwaukee, WI 53233. 


acterized and designated Abbott House Reference Standard). 
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MINUTES 
Figure 2-HPLC analysis of a mixture of local anesthetics. Key: 1, 
procaine; 2, lidocaine; 3, benzocaine; 4 ,  tetracaine; 5,  pramoxine; and 
6, butamben. 


the salicylic acid internal standard solution, and 5.0 ml of the propio- 
phenone internal standard solution were pipetted into the flask. The 
solution was diluted to volume with methanol-water (1:l). 


Sample Preparation-The sample formulation contained 1% tetra- 
caine in a solution of sodium chloride and acetone sodium bisulfite in 
water. Five milliliters of the formulation, 20 ml of the salicylic acid in- 
ternal standard solution, and 5 ml of the propiophenone internal standard 
solution were pipetted into a 50-ml volumetric flask and diluted to volume 
with methanol-water (1:l). For analysis of formulations with suspected 
crystal deposition, it is necessary to homogenize the sample prior to 
analysis. 


Analysis-The following chromatographic conditions were used for 
the analysis: flow rate, 2 ml/min; detector wavelength, 305 nm; and in- 
jection volumes for tetracaine hydrochloride and p-n- butylaminobenzoic 
acid, 5 and 50 pl, respectively. Quantitative analysis was accomplished 
by comparing the peak area ratios of the standard preparations to those 
of the sample preparations. 


RESULTS AND DISCUSSION 


At  the pH of the chromatographic eluent, both tetracaine and p-n- 


butylaminobenzoic acid were ionized and formed ion-pairs with hep- 
tanesulfonate. Figure 1 shows a typical chromatogram resulting from a 
50-pl injection of the sample preparation. The linearity of the detector 
response was established for 5-pl injections of tetracaine hydrochloride 
in the 0.4-2.0-mg/ml range (y -intercept, 0.017; correlation coefficient, 
0.9997) and for 50-pl injections of p-n-butylaminobenzoic acid in the 
0.003-0.02-mg/ml range (y-intercept, 0.01; correlation coefficient, 0.9999). 
Since the peak area ratio for tetracaine analysis obtained from a 50-pl 
injection fell beyond the linear working range, the assay was performed 
using a 5-pl injection. 


The accuracy and reproducibility of the method were demonstrated 
by replicate analyses of a simulated formulation that contained 10.0 mg 
of tetracaine hydrochloride/ml and was spiked with 0.050 mg of p-n- 
butylaminobenzoic acid/ml. The data generated from these analyses show 
that the method is accurate and precise. 


For eight replicate analyses of a 10-mg/ml tetracaine hydrochloride 
injection spiked with 0.050 mg of p-n- butylaminobenzoic acid/ml, the 
results were: for tetracaine hydrochloride, 10.0 f 0.12 mg/ml (SD), RSD 
= f1.2%, and for p-n-butylaminobenzoic acid, 0.050 f 0.0005 mg/ml 
(SD), RSD = f1.0%. 


Standard addition experiments also were performed to demonstrate 
method accuracy. Four formulations were prepared, containing tetracaine 
hydrochloride at  levels ranging from 4 to 20 mg/ml and p-n-butylami- 
nobenzoic acid a t  levels ranging from 0.03 to 0.2 mg/ml. These four for- 
mulations were diluted and analyzed according to the experimental 
conditions; recoveries of tetracaine hydrochloride varied from 98.3 to 
101.4% with an average recovery of 99.5 f 1.4%. Recoveries of p-n-  
butylaminobenzoic acid varied from 100.6 to 104.0% with an average re- 
covery of 102.2 f 1.7% for the four formulations; the tetracaine hydro- 
chloride bulk drug used to prepare the formulations for the standard 
addition experiments contained <0.1% of p-n- butylaminobenzoic acid, 
which resulted in slightly higher recoveries of the added degradation 
product. 


p-n-Butylaminobenzoic acid has low solubility in aqueous solution, 
which may result in crystal deposition of the degradation product in 
tetracaine hydrochloride injection subjected to long-term storage. No 
crystallization has been observed in actual formulations. However, when 
simulated formulations were subjected to hydrolytic degradation at high 
temperature (85O), crystal deposition occurred at  concentrations of >0.6 
mg of p-n- butylaminobenzoic acid/ml in the pH 3.15-5.15 range. 


Figure 2 shows a chromatogram obtained from a mixture of six common 
local anesthetics analyzed with the same HPLC conditions. In the absence 
of either sulfuric acid or sodium sulfate in the eluent, butamben and 
pramoxine eluted together and the peaks had certain asymmetry. Slight 
increases in the capacity factors for the different solutes could be obtained 
by decreasing the salt concentration; this finding was in agreement with 
published data on salt effects (6). 


Ion-pair reversed-phase chromatography permits simultaneous 
analysis of tetracaine hydrochloride and its hydrolytic degradation 
product. The described system has utility in analyzing several other local 
anesthetics with which it may be coformulated. 


REFERENCES 


(1) “The United States Pharmacopeia,” 19th rev., Mack Publishing 


(2) R. N. Longshaw and N. Walli, J. Hosp. Pharm., 1973,36. 
(3) N. D. Greenwood, ibid., 1971,240. 
(4) N. D. Greenwood and H. E. Nursten, J. Chromatogr., 92, 323 


(5) T. D. Doyle and J. B. Proctor, J. Assoc. Off. Anal. Chem., 58,88 


(6) C. Horvath, W. Melander, 1. Molnar, and P. Molnar, Anal. Chem., 


Co., Easton, Pa., 1975, p. 494. 


(1974). 


(1975). 


49,2295 (1977). 


570 1 Journal of Pharmaceutical Sciences 
Vol. 70, No. 5, May 1981 








solution of VII as the free base (1.96 g, 0.013 mole) in 50 ml of tetrahy- 
drofuran was treated with triethylamine (1.27 g, 0.013 mole), followed 
by the dropwise addition of methanesulfonyl chloride (1.43 g, 0.013 mole). 
The reaction mixture was stirred at  room temperature for 4 hr and fdtered 
to remove the precipitated triethylamine hydrochloride. The filtrate was 
evaporated under reduced pressure to yield a light-yellow oil. Column 
chromatography of the oil using silica gel as the adsorbent and chloro- 
form-methanol (91) as the solvent gave, after evaporation of the solvents, 
0.77 g (26%) of a white crystalline solid. An analytical sample was obtained 
by recrystallization from chloroform-hexane to give white crystals, mp 
82-83O; IR (KBr): 3300 (NH), 1785 (C=O, imide), 1710 (C=O, imide), 
and 1150 (SO2) cm-’; NMR 6 0.90 (t, 3H, J = 6 Hz, NCH&H&H&, 1.60 
(m, 2H, NCH~CHZCH~), 2.40-3.67 (m, including s at 3.13,7H, SOZCH~), 
4.47 (m, lH, ring CH), and 5.77 (s, lH,  NH). 


Anal.-Calc. for C ~ H ~ ~ N Z O ~ S :  C, 41.01; H, 6.03; N, 11.96. Found C, 
41.19; H, 5.90; N, 12.22. 


(R,S)  -N-Benzyl-2-(methanesu1famido)succinimide (XI)- 
Compound XI was synthesized from VIII as the free base (1.00 g, 0.005 
mole), triethylamine (0.496 g, 0.005 mole), and methanesulfonyl chloride 
(0.561 g, 0.005 mole) in 50 ml of tetrahydrofuran in the same manner as 
described for X. Recrystallization of the solid product from chloro- 
form-hexane gave 0.729 g (57%) of analytically pure product, mp 118- 
121’; IR (KBr): 3300 (NH), 1785 (C=O, imide), 1710 (C=O, imide), and 
1150 (SOz)  cm-’; NMR (CDC13): 6 2.50 (m, including s a t  3.10, 5H, 
SOzCHs), 4.10-4.77 (m, including s at  4.63,3H, NCHzC&), 5.77 (d, lH, 
NH),and 7.33 (s, 5H,C,jH5). 


Anal.-Calc. for C ~ ~ H I ~ N ~ O ~ S :  C, 51.04; H, 5.01; N, 9.92. Found: C, 
50.97; H, 4.91; N, 10.08. 


Pharmacological Testing3-Three tests were performed: the max- 
imal electroshock seizure test (MES), the subcutaneous pentylenetetrazol 
seizure threshold test (sc Met), and the rotorod test to evaluate neuro- 
toxicit+. 


All tests were performed on male Carworth Farms No. 1 mice. All 
compounds were tested a t  30,100,300, and 600 mgkg at  30 min and 4 
hr after intraperitoneal administration. Four animals were injected with 
each dose. After 30 min, each animal was examined for toxicity in the 


rotorod test. Immediately thereafter, anticonvulsant activity was eval- 
uated by subjecting one mouse to the MES test and another to the sc Met 
test. The same tests were repeated 4 hr later on the two remaining 
mice. 


All compounds were solubilized in either 0.9% NaCl or 30% polyeth- 
ylene glycol 400 and administered intraperitoneally in a volume of 0.01 
ml/g. The ED50 and TD50 values and their confidence limits were de- 
termined by the method of Litchfield and Wilcoxon (11). The MES ac- 
tivity is defined as abolition of the hindlimb tonic extensor component 
of the maximal electroshock seizure elicited in mice with a 60-Hz alter- 
nating current of 50 mamp delivered for 0.1 sec via corneal electrodes. 
The sc Met activity is defined as failure to observe even a threshold sei- 
zure (a single episode of clonic spasms of a t  least 5 sec). 
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Abstract The first-pass effect results from metabolism during the first 
liver passage of a drug given by mouth. The metabolism is described by 
the Michaelis-Menten equation, but the integrated form of the Mi- 
chaelis-Menten equation has no explicit solution for concentration and 
its handling requires a computer. However, the presented nonlinear 
equation of the first-pass effect is an explicit integration of the Michae- 
lis-Menten equation and involves only general mathematics. However, 
the problem of evaluating the Michaelis-Menten constants V, and K, 


is not resolved. Therefore, linear equations are also derived, which cor- 
respond to previous clearance models. 


Keyphrases Pharmacokinetics-first-pass effect, nonlinear approach 
to solution of MichaeliMenten equation First-pass effect-nonlinear 
approach to solution of integrated Michaelis-Menten equation 0 Mi- 
chaelis-Menten kinetics-first-pass effect, nonlinear approach 0 
Clearance-first-pass effect, nonlinear approach to solution of integrated 
Michaelis-Menten equation 


First-pass effect is defined as the reduced systemic 
bioavailability resulting from metabolism during the first 
liver passage of an orally administered drug (Fig. 1) (1). 


The mathematical description of this effect usually is 
based on first-order compartment or clearance models 
(1-3). However, metabolism follows nonlinear kinetics 
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Figure 1-Scheme of the first-pass effect. The amount giuen as the oral 
dose (D) equals t h e  amount  in thegut (GI plus  the amount that is me- 
tabolized by  the liuerplus the amount  that reaches the systemic circu- 
lation (€3). 


described by the Michaelis-Menten equation (4): 


dC V,C 
d t  K,+C 
-=- 


These first-order models are only valid under the condition 
C << K,. A model that is independent of this premise will 
be deduced here from the Michaelis-Menten equation. 


THEORY 


Absorption of a dose (D) from the intestinal tract is supposed to be a 
first-order process (2): 


d G  
d t  
-= -K,G (Eq. 2) 


Therefore, the amount in the gut (G) diminishes in an exponential fashion 
with a constant absorption rate (K,): 


G = D exp(-K,t) (Eq. 3) 


At every time interval in the circulation of portal blood (T = 1 min), a 
fractional amount ( M )  is absorbed and transported into the liver: 


dG 
d t  


M = - T  (Eq. 4) 


This actually absorbed amount becomes metabolized by liver enzymes, 
and this metabolism follows Michaelis-Menten kinetics. The Michae- 
lis-Menten constants (V,, K E )  are described here in mass rate terms: 


The difference between the absorbed and the metabolized amount is the 
rate at which the drug enters the systemic circulation ( d B / d t ) :  


d B  d G  d M  
dt  d t  d t  
-=---  


The integrated rate reveals the systemically available amount (B): 
B = J  t d B  x d t  


(Eq. 7) 


The relation between the systemically available ( B )  and the applied 
amount (D) expresses the bioavailability factor (F):  


B F = -  
D (Eq. 8) 


1 d t  (Eq.9) 
VxK,T exp( -K, t ) 


KE + DK,T exp(-K.t) 
F = J,tp k,, exp(-K,t) - 


The solution of this integral (5) comprises an explicit solution of the 
Michaelis-Menten equation: 


1 DK,T + KE exp(K,tl) 
D K, DK,T + KE exp(K,tz) 


- 5 1 2  - t l  + - In ] 0%. 10) 


Unfortunately, this integral shows no convergency. Therefore, the initial 
( t l )  and final ( t z )  conditions must be defined: 


t 1=  0 (Eq. 11) 


t z  = 10 ln(2)/K, (Eq. 12) 


The final condition ( t z )  is given by the time 110 half-lives of absorption 
= 10 ln(2)/K,], where >99% of the applied amount (D) has already been 
absorbed from the gut. So the first-pass effect ( F )  or the bioavailability 
of a metabolized drug can be described as a nonlinear process: 


1 (Eq. 13) 
DK,T + K-, 


DK,T + K, exp[l0 ln(2)) 
For the calculation of the nonlinear first-pass effect, the constant pa- 
rameters (Vz, KE, and K,) have to be determined i n  uiuo. This evaluation 
is possible using computers. The integrated Michaelis-Menten equation 
has been computer fitted to the plasma concentration decline of pheny- 
toin and ethanol (&lo). The parameters (V, and K,) derived from the 
plasma concentration decline can be related to the mass rate terms (VE 
and Kz). The concentration decline ( d C / d t )  is the mass rate ( d M / d t )  per 
volume of distribution (vd): 


(Eq. 14) 


The concentration ( C )  submitted to metabolism is the amount (M) in 
the liver blood volume (VO: 


(Eq. 15) 


The concentration rate terms and mass rate terms are related via the 
volume of distribution (vd) and the liver blood volume (Vi): 


(Eq. 16) 


The substrate mass (K,) equals the concentration at the half-maximal 
metabolism rate (K,) in the liver blood volume (Vl): 


KE = K,Vi (Eq. 17) 


So the mass rate of metabolism ( V z )  can be derived (based on Eq. 16) 
from the concentration rate term (V,), which is determined from the 
plasma concentration decline ( d C / d t ) :  


viji = v m v d  (Eq. 18) 


The first-pass effect can be evaluated (Eq. 13) if the maximal metabolism 
velocity expressed as a concentration rate term ( V,), the concentration 
at  the half-maximal metabolism rate (K,), the volume of distribution 
(vd), and the liver blood volume (Vi) have been determined from plasma 
concentration data. These parameters (V,, K,, and K,) can be evaluated 
only by computer. For an overall determination of these parameters (V,, 
K,, and K,), simplified equations can be derived and applied without 
advanced computer equipment. 


Nonlinear Michaelis-Menten kinetics can be schematically divided 
into three sections (Fig. 2): 


1. The initial part follows zero-order kinetics, showing linearity in the 
nontransformed plot, and is defined by C >> K, or M >> Kz. 


2. The final part follows first-order kinetics, showing linearity in the 
semilogarithmic plot, and is defined by C << K, or M << K,. 


3. The intermediate part shows no linearity. 
For the zero-order part, the Michaelis-Menten equation may be sim- 


plified (Eq. 19) (2) and the maximal metabolism rate (V,) can be de- 
termined from the concentration decline (Eq. 20): 


For the first-order part, the Michaelis-Menten equation also may be 
simplified (2): 


dC V, ln(2) 
- -=- c=-c 


dt K ,  T/2 
(Eq. 21) 


Therefore, K,,, can be derived from the elimination half-life (T/2) of the 
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first-order process: NONTRANSFORMED 


The absorption rate constant (K,) is often unknown also; its calculation 
takes some computer assistance ( l l ) ,  but a simplified evaluation of K, 
is given by the time in which the maximal concentration is reached after 
oral dosing (Eq. 23 derived from the Bateman function): 


ln(2) ln(2) [ TI21 TI2 
In (K,) - K,tmax = In - - - tmax (Eq. 23) 


The solution for K, needs a stepwise iteration, but it can be done by any 
desk calculator. 


After determination of V,  (according to Eq. 20), the K, value can be 
derived from a linear kinetic model (Eq. 22). The term K,,, also can be 
determined from the intrinsic hepatic clearance (Clint) (3,12,13). The 
following parameters are the terms of the authors [ V,, = Viii, KM = K,, 
Ke = ln(2)/(T/2), C L , ~  = CHV, and C ~ H  = CZl]: 


KeM 
dM 
dt 
-= 


EXAMPLES AND DISCUSSION 


Bioavailability generally is measured by comparison of the different 
areas under the concentration-time curves (AUC) after oral and intra- 
venous dosing (2). 


But the AUC method only gives rough data on bioavailability. It gives 
no insight into the underlying process. 


If the bioavailability is reduced because of metabolism during the first 
liver passage, nonlinear enzyme kinetics have to be assumed. The eval- 
uation of the first-pass effect requires the use of the troublesome Mi- 
chaelis-Menten equation. The present equation of the first-pass effect 
comprises an explicit solution of the integrated Michaelis-Menten 
equation. This approach may be of some value, particularly since it re- 
quires only general mathematics (Eq. 13). 


The validity of this equation of the first-pass effect can be illustrated 
by examples, to which the parameters (V,, K,, K,, v d ,  and F) are re- 
ferred in the literature (6,8-10,14-18). The first-pass effect calculated 
by this equation shows good agreement with the values calculated by 
computer (Table I). 


The present equation of the first-pass effect has two questionable 
premises (Eq. 13). First, it reflects only the amount actually absorbed 
from the intestine (Eq. 4). It disregards the amount that has already 
reached the systemic circulation. 


The substrate to be metabolized consists of the actually absorbed, as 
well as the already systemically available, amount. The already system- 
ically available amount competes with the actually absorbed amount for 
the receptor, so the first-pass effect will be overestimated if enzyme 
saturation is reached. Enzyme saturation will be reached particularly 
after multiple dosing where cumulation of the drug in the body oc- 
curs. 


Therefore, after multiple dosing, a higher bioavailability generally has 
to be expected than after a single dose of a drug subjected to first-pass 
metabolism (19). The present equation does not yet give the solution for 
this problem, but it may be a step toward the correct description. The 
case of enzyme induction, also relevant in steady-state kinetics, is not 
covered by the present equation. 


The second limitation of the present concept may be the assumption 
that absorption from the intestine follows first-order kinetics, but this 
simplification may be legitimate (7,11,20). 


These questionable premises are also involved in other concepts of the 


SEMILOGARITHMIC 


t 


zero order 


\ non I inear 


first order 


t 
Figure 2-Nontransformed and semilogarithm@ graphs of the con- 
centration decline in saturable pharmacokinetics with zero-order, 
nonlinear, and first-order parts. 


first-pass effect. This fact becomes evident if C << K, or if first-order 
kinetics are valid. Then the present concept (Eq. 9) can be transformed 
to the conventional clearance concepts (1,3). 


For first-order kinetics, there may be the simplified integration (of Eq. 
91: 


and for t l  = 0, t z  = m: 


Table I-Bioavailability ( F )  of Phenytoin and Ethanol 
Calculated by the Present Concept (Eq. 13) Compared with the 
Values Referred to in the Literature 


Parameter 
Drug Literature Calculated" Equation 


Phenytoin V ,  = 0.4 mg/ VE = 18 mglhr 17 


K, = 11 mg/ KE = 16.5 mg 18 
(6,8,14-18) (liters X hr) 


liter 


13 
Ethanol (9,lO) V ,  = 0.202 g/ Viii = 8.9 g/hr 17 


K,. = 0.818 g/ Kz = 0.123 g 18 


K, = k, = 10 


v d  = 44 liters 
F = 1.0 F = 0.92 13 
F = 0.785 F = 0.78 13 


(liters X hr) 


liter 


hr-' 


45 g 
11.3 g 


The liver blood volume is considered constant (Vi = 1.5 liters). 
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In the case of first-order kinetics, the elimination half-life (T/2) is related 
to the metabolism constants (V, and K,) (2): 


(Eq. 33) 


and the following deduction can be assumed (considering Eqs. 17,18, and 
32): 


(Eq. 34) 


systemic clearance 
hepatic blood flow F-1-  (Eq. 35) 


(Eq. 38) 


(Eq. 39) 


The conventional clearance concepts of the first-pass effect in terms of 
the authors (1,3,12,19) can be derived from the present concept under 
the special condition of first-order kinetics. 


APPENDIX I: NOMENCLATURE 


C = concentration 
t = time 


tmax = t at maximal C 
V, = maximal metabolism rate (concentration rate term) 
Vz = maximal metabolism rate (mass rate term) 
K, = Michaelis constant or concentration a t  Vm/2 
KE = Michaelis constant or mass at  V=/2 
Vi = liver blood volume 
T = circulation time of Vl (T  = 1 min for Vl = 1.5 liters) 


vd = volume of distribution 
K,, = absorption rate constant 


T/2 = elimination half-life 
D = dose 
G = amount in GI tract 
M = absorbed amount 
B = amount in systemic circulation 
F = bioavailability factor 


exp( ) = e-function of ( ) 
In( ) = logarithmus numeralis from ( ) 


C1 = clearance 


APPENDIX 2 


The nonlinear equation of the first-pass effect (Eq. 13) is derived in 
the following way: 


G = D exp(-K,,t) (Eq. A21 


The (-) sign changes to a (+) sign since the decrease of the GI amount 
(-dG/dt) is the increase of the absorbed amount (+dGldt ) ,  which is 
further considered: 


dG 
-= K,D exp(-K,t) dt  (Eq. A3) 


dE dG dM 
d t  d t  d t  
-=--- 


VkfM -- dB - KaD exp(-K,t) -- 
dt  K = + M  


dG VK-T dt  
-- d B  - K,D exp(-Kat) - 
d t  dG 


d t  
Kii,+-T 


(Eq. A4) 


(Eq. A5) 


(Eq. A6) 


(Eq. A7) 


E = s  t -dt dE  
o dt  


(Eq. A10) 


B V=K,,T 
D K= exp(K,,t) + F = - = J t  b,, exp(-K,t) - 


(Eq. A l l )  
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Abstract c] A series of polyurethane copolymers containing polyethylene 
glycol 600,1000, or 1540 was synthesized, purified by reprecipitation, and 
cast into clear, tough, flexible membranes using the solution method. The 
weight average molecular weight of each polymer was estimated by gel 
permeation chromatography. The ability of the various polymers to ab- 
sorb water was measured and increased with the increasing molecular 
weight of the polyethylene glycol. The ability of the copolymer mem- 
branes to hold a pH gradient decreased with increasing polyethylene 
glycol molecular weight. 


Keyphrases 0 Model membrane systems-polyurethane copolymers, 
synthesis and analysis, mass transport properties 0 Copolymers, poly- 
urethane-model membrane systems, synthesis and analysis, mass 
transport properties 0 Permeability-polyurethane copolymers, model 
membrane system, synthesis and analysis 


Much attention has been focused on the use of polymeric 
materials as drug delivery (1, 2) and model membrane 
(3-5) systems. Most early work utilized polydimethyl- 
siloxane which, while highly permeable to lipophilic drugs 
(6, 71, is only weakly permeable to hydrophilic, charged 
species (8). More recently, polymers known as hydrogels 
have been shown to control release of hydrophobic and 
hydrophilic agents. Variation in release rates can be con- 
trolled by changes in both monomer composition and the 
amount of cross-linking agent present (9-13). 


BACKGROUND 


A promising approach for the development of new model membranes 
is to modify systematically the polymer structure to alter its diffusion 
characteristics. I t  was suggested (14) that the hydrophilic-hydrophobic 
character of a membrane may be controlled by the choice of suitable 
structural modifications. Membranes that combine the seemingly op- 
posite properties of mechanical strength and the ability to swell in water 
have been prepared by simultaneous polymerization (copolymerization) 
of hydrophilic and hydrophobic reactants (15-17). The membranes 
formed from these copolymers permitted the transport of permeants a t  
rates comparable to porous dialysis membranes but with the apparent 
selectivity of partitioning-type membranes (18). 


Therefore, a series of copolymers composed of hydrophilic polyethylene 
glycol blocks and hydrophobic urethane segments was chosen for study. 
Since these polymers were not readily available commercially, it was 
necessary to synthesize them and to characterize some of their properties 
prior to diffusion work. These properties included the abilities of the 
membranes to hydrate and to maintain a pH gradient. A molecular weight 
distribution and weight average molecular weight of each polymer system 
also were determined. 


EXPERIMENTAL 


Materials-Polystyrene standards' were used as received. Iso- 
propylacetone2 was purified by collecting the fraction boiling at  1141 15" 
at atmospheric pressure, and methylenebis(4-phenyl i~ocyana te )~  was 
distilled a t  0.1-0.17 mm Hg. The colorless, clear fraction boiling a t  
147-151' was collected and stored in a freezer. 1,5-PentanedioP was 
purified by distiltation a t  0.2-0.45 mm Hg, and the fraction boiling at 
96-99" was collected. All distillates were stored in glass under dry ni- 


~~ ~ 


' Waters Associates, Millford, MA 01757. 
Aldrich Chemical Ca., Milwaukee, WI 53222 
Pfaltz and Bauer, Stamford, CT 06902. 


trogen. Polyethylene glycols4 1540,1000, and 600 were dried by the ap- 
plication of vacuum and heat for 4 hr. The flask then was flushed with 
dry nitrogen. 


Methods-The average molecular weights of the polyethylene glycols 
were determined by end-group titration (19). 


The synthetic procedures used to prepare the co(polyether)polyure- 
thane polymers were similar to those outlined previously (16). Polyeth- 
ylene glycol (0.012 mole) was dried in a 200-ml, three-necked, round- 
bottom flask equipped with a sealed polytef stirre+, a gas inlet valve, and 
a 200-mm West condenser fitted with a drying tube. The flask was heated 
to 110 f 3", and a suspension of 0.024 mole of methylenebis(4-phenyl 
isocyanate) in 25 ml of methyl sulfoxide and 25 ml of isopropylacetone 
was added to the polyethylene glycol with stirring. The flask was main- 
tained a t  l l O o  for 1 hr while stirring continuously. 


To the resulting clear, yellowish solution, 0.024 mole of 1,5-pentanediol 
and 0.016 mole of methylenebis(4-phenyl isocyanate) were added. An 
additional 2 hr of heating produced a viscous, yellowish solution. The 
polymer was isolated by pouring the solution into -500 ml of distilled 
water, which produced a tough, rubbery, white precipitate. After washing 
with several volumes of distilled water, the polymer was dried in a heated 
vacuum desiccatofl at 50". 


Individual polymer batches were blended and purified by precipitation 
in distilled water from a 5% (w/v) polymer solution in N,N-dimethyl- 
formamide. The reprecipitated polymer was washed with five 2000-ml 
portions of distilled water and placed in a vacuum oven for 48 hr. This 
procedure was carried out twice for each polymer synthesized. 


The membranes were solution cast on plate glass sheets from a filtered 
15% (w/v) polymer solution in N,N-dimethylformamide. The solution 
was filtered through a 0.5-pm filter5 in a pressure filtration apparatus7 
using a 25-50-psi pressure head of dry nitrogen. The solution was spread 
on the glass plates with the aid of an adjustable doctor knife The plates 
then were transferred quickly to an oven and dried a t  50" overnight. The 
membrane was left on the glass plates, stored in a desiccator, and pro- 
tected from light until used. 


To test the effects of reprecipitating the polymer, pieces of membrane 
prepared from the polyethylene glycol 600 copolymer, either as originally 
obtained or reprecipitated (once or twice), were soaked in 30 ml of dis- 
tilled water for 8 hr at 37". An aliquot of each solution was filtered and 
then scanned from 240 to 350 nm. 


Membranes were removed from the glass plates after hydration with 
0.05 M phosphate buffer and were soaked for a t  least 20 min before use 
in buffer. 


The thickness and diameter of both wet and dry membranes were 
measured by a method similar to that of Garrett and Chemburkar (20) 
a t  seven equally spaced points. The percent of water sorbed was deter- 
mined by weight, and the percent swelling in thickness and diameter was 
determined by the difference between wet and dry measurements. 


The weight average molecular weight of each synthesized polymer was 
estimated by gel permeation chromatography (21) using a series of gel 
permeation columnss (lo5, lo4, lo3, and 500 A) with UV grade, nitro- 
gen-blanketed tetrahydrofuran as the mobile phase. 


Solutions of polystyrene (0.1-0.5%) calibration standards and polymer 
(0.5%) samples were prepared and chromatographed using a flow rate 
of 2.0 ml/min, a chart speed of 2.5 cm/min, and detector sensitivity a t  
0.5-1.0 aufs. 


The intrinsic viscosity of the polystyrene standards in tetrahydrofuran 
a t  25" was estimated using an empirical relationship (22), while the in- 
trinsic viscosity of the polymer samples was measured using a capillary 
viscometer (23). Intrinsic viscosity was calculated as described previously 
(24,25). 


d. T. Baker Chemical Co., Phillipshurg, NJ 08865. 
Teflon. 
Precision Scientific Co., Chicago, IL 60647. 
Millipore Corp., Bedford, MA 01730. 


8 UStyragel, Waters Associates, Milford, MA 01757. 
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Table I-Effect of Polyethylene Glycol Content on Various Physical Parameters  of the Co(po1yether)polyurethane Membranes * 
Water Content Swelling in Swelling in 


Polymer Polyethylene in Hydrated Hydrated Membrane Hydrated Membrane Apparent Wet Apparent Dry 
Membrane Glycol Content, % Membrane, % (Diameter), % (Thickness), % Density, g/cm3 Density, g/cmg 


600 37 9 3 1 1.26 1.24 
1000 49 26 8 11 1.22 1.25 
1540 56 49 14 28 1.12 1.24 


Average of three membranes. 


The surface and cross section of each type of dried polymer membrane 
were examined using a scanning electron microscopeg. The conditions 
used to visualize the sample were varied to optimize the resolution, while 
the magnification ranged from 100 to 40,OOOX. 


A diffusion cell similar to that described by Flynn and Smith (26) was 
utilized. 


T o  determine the ability of hydrogen ion to cross the membrane, the 
donor side of the diffusion cell was connected by tubin8 from its sampling 
ports to a two-channel tubing pump10 and an open donor solution res- 
ervoir. The receiving side of the diffusion cell was connected similarly 
in a closed loop to a glass-jacketed constant-temperature reservoir. A 
three-hole stopper sealed the reservoir and accommodated the receiving 
side tubing, a nitrogen inlet, and a pH electrode. 


The pH-holding experiment was initiated by thoroughly flushing the 
receiving side reservoir with dry nitrogen. Exactly 50 ml of preheated 
0.001 M NaCl was introduced into the nitrogen-blanketed receiving 
reservoir. The pH of this solution was taken as the zero-time pH reading. 
The experiment was begun by injecting -15 ml of preheated 0.001 M HCI 
into the donor side connected to a 100-ml reservoir maintained a t  37’. 
At the specified times, the tubing pump was stopped, and the solution 
in the receiving side reservoir was allowed to equilibrate for 1 min before 
the pH reading was taken. The two-channel tubing pump was set to de- 
liver -18 ml/min. The exact flow rate was determined prior to an ex- 
periment by measuring the amount of solution delivered in 3 min. 


RESULTS AND DISCUSSION 


Batches of a co(po1yether)polyurethane after blending, but prior to 
casting, were purified by reprecipitation. The efficiency of the procedure 
in the removal of UV-absorbing impurities from the polymeric material 
was demonstrated easily by the drop in absorbance at  240 nm from 0.65 
prior to reprecipitation to zero after the second reprecipitation. No at-  
tempt was made to identify the impurities. 


The molecular weight distribution for each polymer demonstrated a 
large, sharp spike of high molecular weight material followed by the lower 
molecular weight materials. The weight average molecular weights were 
71,000, 28,000, and 34,000 for the 1540, 1000, and 600 copolymers, re- 
spectively. The actual values of the average molecular weight calculated 
for a given polymer are probably less important than the fact that  large 


I 
P 
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Figure 1-Results of pH gradient-holding cixperiments for 600 co- 
polymer fm), 1000 copolymer (4)* and 1540 copolymer (01. 


~~ ~ 


Model dSM-:15C, dEOL USA, Medford, MA 02155. 
lo Master-flex pump drive (5-100 rpm) with pump head No. 7016 and add-on 


pump head No. 7016, Cole-Parmer Instrument Co., Chicago, IL 60fi48. 


differences in molecular weight and molecular weight distribution among 
the polymers were not observed. 


Physical measurements were made on the membranes in both the 
hydrated and dry state. The water content of the swollen membranes was 
directly proportional to the amount of glycol in the polymer (Table I). 
This finding is in agreement with the idea that the polyethylene glycol 
molecules serve as hydrophilic blocks that allow the membrane to swell 
in aqueous solution (18). The hydrophobic urethane linkages have been 
considered to act as cross-links between the polymer chains and to anchor 
the hydrated glycol segments (27). 


Examinations of the surfaces and cross sections of each polymer 
membrane by scanning electron microscopy (resolution limit 4 . 0 5  pm) 
showed uniform homogeneous structures with no unusual morphology 
and no apparent pore structure. From these results, i t  can be concluded 
that a porous structure, if i t  exists, would probably be <500 A in diam- 
eter. 


The ahility of the membranes to maintain a pH gradient was studied 
since it may be an indication of the permeability of the membranes to ions 
(Fig. 1). The 600 copolymer membrane successfully maintained the pH 
gradient throughout the experiment (-1 hr), while the apparent diffusion 
coefficient for the lo00 and 1540 copolymer membranes were 6.9 X 
and 7.0 X cm2/sec, respectively. The amount of glycol in the polymer 
molecules and, consequently, the amount of water sorbed do influence 
the capacity of the membrane to hold a pH gradient. 
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Abstract A mass fragmentographic procedure was developed for 
measuring quantities of <1.0 ng of timolol/ml of plasma or urine. The 
lower limit of sensitivity was 0.5 ng of timolol maleate/ml of plasma. The 
unchanged drug was extracted into heptane-4% isopentyl alcohol from 
alkalinized plasma or urine, together with propranolol hydrochloride as 
the internal standard. The compounds were subsequently back-extracted 
into 0.1 N HCl and then into chloroform following adjustment of the 
acidic phase to an alkaline pH. The chloroform layer was evaporated to 
dryness, and the compounds were derivatized with N-methyl-N-tri- 
methylsilyltrifluoroacetamide-acetonitrile to form the trimethylsilyl 
derivatives; these derivatives were quantitated by mass fragmentography. 
Recovery of timolol added to normal plasma and urine was quantitative 
and reproducible, and no interfering substances were observed in normal 
biological samples. After a 20-mg oral dose of timolol maleate, plasma 
levels of -3.0 ng/ml were observed at  12 hr. 


Keyphrases 0 Timolol-extraction, derivatization, mass fragmento- 
graphic determination, plasma and urine 0 0-Adrenergic blocking 
agents-timolol, extraction, derivatization, mass fragmentographic de- 
termination, plasma and urine 0 Mass fragmentography-determina- 
tion, timolol, plasma and urine 


Timolol maleate, (-) - 1 - (tert-  butylamino) -3- [ (4-mor- 
pholino-1,2,5-thiadiazol-3-yl)oxy]-2-propanol maleate, is 
a 0-adrenergic receptor blocking agent with a high 0- 
adrenergic inhibitor capacity. Due to the intensity of its 
effect, it is administered orally in small doses, varying 
between 10 and 20 mg, depending on the treatment needs. 
In addition, its high extravascular diffusion rate gives it 
an average apparent volume of distribution of 3.64 liters/ 
kg. A low administered dose and a high apparent volume 
of distribution contribute to low plasma concentrations. 
For a proper pharmacokinetic study, assay techniques 
must be capable of measuring plasma levels as low as 0.5 
ng of timolol/ml. 


An electron-capture GLC determination of timolol in 
human plasma and urine was described by Tocco et al. (1). 
The lower limit of sensitivity was 2.0 ng/ml. 


This report describes a mass fragmentographic proce- 
dure whose sensitivity threshold of 0.5 ng of timolol/ml of 


,CH3 
OCHZCHOH CHaHC- CH3 


CH3 
\ 


I 


plasma enables plasma concentrations to be monitored for 
over 12 hr after oral administration of a 20-mg single dose 
of timolol maleate in a healthy adult. 


EXPERIMENTAL 


Reagents-Timolol (I) was used as the maleate salt’, and propranolol 
(11) hydrochloride2 served as the internal standard. All concentrations 
were expressed in terms of the base salt. Pesticide quality n-heptane3, 
isopentyl alcohol3, methylene chloride4, ethyl acetate5, and acetonitxilea 
nanograde reagent were used without further purification. Hydrochloric 
acid, sodium hydroxide, and double-distilled water were used in the 
preparation of 0.1 N HCl and 1.0 and 2.0 N NaOH. N-Methyl-N-tri- 
methylsilyltrifluoroacetamide7 served as the reagent for preparing the 
trimethylsilyl derivatives of timolol and propranolol. , CH3 


OCH,CHOH CHJVHCH 
I \ 


‘CH3 


I1 


1 Merck Sharp & Dohme, Chibret, Paris, France. * I.C.I., Enghien Les Bains, France. 
3 Prolabo R.P., Paris, France. 
4 Merck, Interchim, Montlqon, France. 
5 Fluka A.G., Interchim, Month on, France. 
6 Mallinckrodt, Interchirn, Mont!uGon, France. 
7 Pierce Chemical Co., Interchim, Montlugon, France. 
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Abstract Isomers of the 2- and 9-aminobenzonorbornenes were pre- 
pared as rigid analogs of amphetamine and were employed to study the 
conformational requirements of indirectly acting sympathomimetic 
agents. Of this series of isomeric amines, the em-2 and anti-9 isomers 
closely resemble the fully extended conformation of amphetamine. The 
other two amines, the endo-2 and syn-9 isomers, conformationally re- 
semble the folded conformation of amphetamine. The isomers that re- 
semble the extended conformation of amphetamine increased the 
spontaneous motor activity in mice while the isomers resembling the 
folded form either decreased or had no effect on motor activity. These 
compounds also were studied for their ability to accelerate the efflux of 
tritiated norepinephrine from vesicular and nonvesicular storage sites 
of isolated perfused rabbit atria; either a-methyl-p-tyrosine- or reser- 
pine-pretreated rabbits were used. Amphetamine and the exo-2 and 
anti-9 isomers of aminobenzonorbornene could accelerate norepinephrine 
efflux from either compartment while the endo-2 and syn-9 isomers could 
accelerate the efflux from only the nonvesicular compartment at the 
concentrations studied. Fenfluramine and methylphenidate also were 
studied for their ability to accelerate efflux. Fenfluramine and methyl- 
phenidate resembled the aminobenzonorbornenes that correspond to 
the folded conformation of amphetamine in their ability to accelerate 
the efflux from nonvesicular storage. However, fenfluramine also re- 
sembled amphetamine and the aminobenzonorbornenes corresponding 
to the extended conformation of amphetamine in its ability to accelerate 
efflux from vesicular storage sites. The response to methylphenidate was 
similar to that of the aminobenzonorbornenes resembling the folded 
conformation of amphetamine. 


Keyphrases 0 Aminobenzonorbornenes-syntheses and biological 
evaluation as conformationally rigid analogs of amphetamines 0 Am- 
phetamines-syntheses and biological evaluation of the 2- and 9-ami- 
nobenzonorbornenes as conformationally rigid analogs o Conformational 
requiremenbindirectly acting sympathomimetic agents, syntheses and 
biological evaluation of the 2- and 9-aminobenzonorbornenes as am- 
phetamine analogs 


Amphetamine is a unique drug with respect to its simple 
structure and multiple pharmacological effects. Its wide 
spectrum of biological activity may be ascribed to its 
structural resemblance to several neurotransmitters such 
as norepinephrine, dopamine, and serotonin. One struc- 
tural feature common to all of these compounds is an 
amino group separated by two carbon atoms from an aro- 
matic ring. Free rotation about the two carbon atoms of 
such an ethylamine side chain permits amphetamine to 
assume suitable conformations to interact with various 
receptors in neurons associated with these neuro- 
transmitters. 


minima correspond to folded forms of amphetamine where the nitrogen 
is rotated toward the aromatic ring (1). 


Another major investigation concerning the conformation of phen- 
ethylamine derivatives was that by Weintraub and Hopfinger (2). They 
employed empirical potential functions, which take into account several 
aspects that are neglected in the quantum mechanical calculations such 
as solvent effects and the conformational dependence on the ionization 
state of the molecule. Their work is in agreement with that of Pullman 
et al. (1) in that the same two basic conformations, extended and folded, 
are predicted. 


However, the work by Weintraub and Hopfinger suggests that the most 
probable conformation of amphetamine for a given ionization state of 
the amine nitrogen depends on the interaction with aqueous solvent. 
They calculated that the most stable conformation for unionized am- 
phetamine in a vacuum is the folded form. However, for the charged 
molecule in aqueous media, their calculations predict a strong preference 
for the extended conformation (2). These findings of the conformational 
preference of amphetamine are in agreement with the results of Neville 
et al. (31, whose PMR study of amphetamine in aqueous solution showed 
the molecule to be in the extended form. 


While such mathematical methods can provide a theoretical model for 
the preferred conformation of a molecule, certain aspects cannot be in- 
cluded in these calculations. One such aspect concerns the lack of 
knowledge concerning the precise nature of the drug-receptor interaction. 
Hence, the effects of the receptor on the drug conformation cannot be 
determined. The molecular level local environmental conditions also are 
unknown and, therefore, cannot be considered. 


These limitations of theoretical methods for the determination of 
conformations clearly suggest a study of the biological activities of rigid 
analogs of amphetamine. The two major centers of the amphetamine 
molecule that are implicated most frequently in receptor interactions 
are the amino group and the aromatic ring. The distance between these 
two parts of the amphetamine molecule for each predicted stable con- 
formation, as well as the corresponding distance for the 2- and 9-ami- 
nobenzonorbornenes, is shown in Table I. 


The use of rigid analogs of a pharmacologically active compound can 
yield information about the stereochemical requirements for a molecule 
to elicit the biological response. In the case of amphetamine and its de- 
rivatives, the wide variety of physiological effects observed for these 
compounds may be due partially to the ability of the ethylamine chain 
to assume various conformations, permitting interaction with many types 
of receptors. To study the conformational requirements for the biological 
activity of amphetamine, the 2- and 9-aminobenzonorbornenes were 
designed and synthesized as conformationally rigid analogs of amphet- 
amine. These compounds are strictly rigid, offer only a pinimal addition 
to the molecular weight and size of the amphetamine molecule, and have 


Table I-Atomic Parameters for Amphetamine and the isomeric 
2- and 9-Aminobenzonorbornenes 


BACKGROUND 


A conformational energy map of amphetamine, generated by Pullman 
et al. (l), shows three energetically equivalent minima. One minimum 
corresponds to the fully extended form of amphetamine where the ni- 
trogen atom is pointed away from the aromatic ring, and the other two 


Amphetaminec 


2-Aminobenzonorbornenes 


9-Aminobenzonorbornenesd 


Extended conformation 5.11 1.24 
Folded conformation 3.82 2.14 


exo-Isomer, I 5.1 1.7 
endo-Isomer, I1 3.7 2.5 


svn-homer. IV 3.6 2.3 
anti-Isomer, III 4.8 0.7 


Using a refined all-valence-electrons procedure, designated as the PCILO 
method (perturbative configurational interaction using localized orbitals). 


~ ~~ 


Distance from the center of the aromatic ring to the amino nitrogen. * Distance 
from the plane of the aromatic ring to the amino nitrogen. Distances as calculated 
by Pullman et al. (1). Distances measured using Dreiding models. 
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amphetamine, extended 


3 - 2  isomer, I 


0 t H  - 
H 


amphetamine, folded 


- endo-2 isomer, I I  


anti -9  - isomer, 111 s y n - 9  isomer, IV - 
Figure 1-Steric relationships between the 2- and 9-aminobenzonor- 
bornenes and the stable conformers of amphetamine. The numbering 
of the benzonorbornene ring systems is shown on the anti-9 isomer. 


two isomers closely related conformationally to the folded form of am- 
phetamine and two isomers closely related to the extended conformation 
of amphetamine. The relationship of these compounds to the predicted 
stable conformations of amphetamine is shown in Table I and Fig. 1. A 
preliminary account of this study was reported previously (4). 


EXPERIMENTAL 


Chemical2-exo-2-Aminobenzonorbornene (I) Hydrochloride-To 
a mixture of sodium borohydride (0.78 g, 0.02 mole) and henzonorbor- 
nadiene (5) (7.1 g, 0.05 mole) in diglyme (25 ml) a t  0' (under nitrogen) 
was added dropwise, over 10 min, boron trifluoride etherate (3.90 g, 0.03 
mole). The mixture then was stirred at  25' for 3 hr under nitrogen. A 
slurry of hydroxylamine 0-sulfonic acid (10 g, 0.09 mole) in diglyme (45 
ml) was added, and stirring was continued for 18 hr a t  100'. The amber 
solution was decanted from insoluble material, treated with concentrated 
hydrochloric acid (20 ml) and water (200 ml), and extracted with ether 
(3 X 75 ml). The aqueous layer was made strongly alkaline withpodium 
hydroxide (15 g) and extracted with ether (3 X 75 ml). 


The ether extract was washed with water (100 ml) and dried over an- 
hydrous sodium sulfate. The solvents were removed in uacuo, first a t  60' 
(50 torr) and then at 55O (0.5 torr), leaving exo-2-aminobenzonorbornene 
as a yellow oil (2.3 g, 30%); P M R  6 1.15-2.08 (complex m, 4H, H-3 and 
H-9), 1.43 (s, 2H, exchangeable with deuterium oxide, NHz), 2.80-3.10 
(complex m, 2H, bridgehead protons), 3.17-3.36 (complex m, lH,  endo- 
H-2), and 7.04 (m, 4H, aromatic protons); mass spectrum: mlz (relative 
intensity) 159 (M+, 17) and 116 (100). This amine was reportedly pre- 
pared by another method, but no experimental details or structure proof 
was given (6). 


A solution of the amine (2.30 g) in anhydrous ether (50 ml) was treated 
with dry hydrogen chloride. The salt was collected and recrystallized 


Melting points below 240' were determined on a Thomas-Hoover Unimelt 
apparatus and are uncorrected, and those over 240' were determined on a Mel- 
Temp apparatus and are uncorrected. Analyses were performed by Micro-Tech 
Laboratories, Skokie, Ill. PMR spectra were obtained in deuterochloroform on a 
Varian A-60 spectrometer equipped with a Nicolet TT-7 Fourier transform ac- 
cessory. Chemical shifts are reported in parts per million (6) downfield from tet- 
ramethylsilane as the internal standard. Mass spectra (at 70 ev) were obtained by 
Richard Dvorak using a Hitachi Perkin-Elmer RMU-DG single-focusing mass 
spectrometer. 


quantitatively from absolute methanol-anhydrous ether (3150 ml), mp 
278-281' (sealed tube). 


Anal.-Calc. for C11H14CIN: C, 67.52; H, 7.26; N, 7.16. Found: C, 67.69; 
H, 7.27; N, 7.12. 


8-Benzonorbornenone Oxime-To a solution of hydroxylamine hy- 
drochloride (1.86 g, 0.03 mole) and sodium acetate (2.79 g, 0.04 mole) in 
water (8 ml) were added 2-benzonorbornenone (7,s) (3 g, 0.02 mole) and 
enough ethanol to effect dissolution (5 ml). This mixture was heated on 
a steam bath for 20 min. After cooling, the formed precipitate (2.4 g) was 
collected, and the mother liquor was extracted with chloroform (2 X 25 
ml) to give an additional 0.6 g of the crude oxime. Recrystallization from 
ethanol (-7 ml) furnished the pure product (2.91 g, 89%), mp 11f%119.5°; 
P M R  6 1.95-2.95 (complex m, 4H, H-3 and H-9), 3.49-3.70 (m, lH,  H-4), 
3.85-3.95 (m, lH ,  H-11, 7.00-7.41 (m, 4H, aromatic protons), and 
7.45-8.00 (m, l H ,  exchangeable with deuterium oxide, N-OH); mass 
spectrum: m/z (relative intensity) 173 (M+, 58), 116 (46), and 115 
(100). . ,  


Anal.-Calc. for C11HILNO: C, 76.30; H, 6.43; N, 8.09. Found: C, 76.44; 
H, 6.40; N, 8.24. 


endo-2-Aminobenzonorbornene (II) Hydrochloride-Sodium (2.5 
g, 0.28 g atom) was added (in four pieces) to a stirred solution of the oxime 
(1.73 g, 0.01 mole) in 1-propanol(250 ml) over 45 min. After the sodium 
was consumed, the solvent was removed in uacuo. The thick residue was 
diluted with water (500 ml) and extracted with ether (3 X 100 ml). The 
ether extract was dried over anhydrous sodium sulfate and evaporated 
in U ~ C U O  to give the amine (1.42 g, 90%) as an oil; PMR: 6 0.37-0.68 (m, 
IH, endo-H-Z), 0.98 (s, 2H, exchangeable with deuterium oxide, NHz), 
1.61-1.92 (complex m, 2H, H-9), 2.05-2.56 (complex m, l H ,  exo-H-3), 
3.03-3.28 (complex m, 2H, bridgehead protons), 3.43-3.78 (complex m, 
lH ,  exo-H-2), and 6.95-7.33 (m, 4H, aromatic protons); mass spectrum: 
mlz (relative intensity) 159 (M+, 17) and 116 (100). This amine has been 
reported, but no experimental details or structure proof was provided 
(9). 


The amine was converted to its hydrochloride as already described, 
mp 220-223'. 


Anal.-Calc. for C11H14ClN C, 67.52; H, 7.26; N, 7.16. Found: C, 67.78; 
H, 7.26; N, 7.28. 


9-Renzonorbornenone Oxime-To a solution of hydroxylamine hy- 
drochloride (2.82 g, 0.04 mole) and sodium acetate (4.20 g, 0.05 mole) in 
water (12 ml) were added 9-benzonorbornenone (10, 11) (4.50 g, 0.02 
mole) and enough ethanol to effect dissolution (-10 ml). This mixture 
was heated on a steam bath for 4 hr, cooled, and extracted with ether (3 
X 25 ml). The ether extract was washed with water, dried over anhydrous 
magnesium sulfate, and evaporated in U ~ C U O  to give 9-benzonorborne- 
none oxime as a thick amber oil. This oil could not be crystallized readily 
and thus was used in subsequent reactions without further purifica- 
tion. 


syn-9-Aminobenzonorbornene ( I V )  and anti-9-Aminobenzonorbor- 
nene ( I I I )  Hydrochlorides-Sodium (16 g, 0.7 g atom) was added in three 
pieces to a solution of 9-benzonorbornenone oxime (4.00 g, 0.023 mole) 
in 1-propanol (600 ml) over 1.5 hr. After the sodium was consumed 
completely, the mixture was cooled and acidified with concentrated hy- 
drochloric acid, and the solvents were removed in uacuo. The residue was 
diluted with water (200 ml) and extracted with benzene to remove neutral 
and acidic substances. The aqueous layer was made basic with sodium 
hydroxide and extracted with benzene. 


The benzene extract was dried over anhydrous magnesium sulfate and 
evaporated in U ~ C U O  to give a mixture of syn-9 and anti-9-amines (3.16 
g, 86%). This mixture was dissolved in formic acid (150 ml) and treated 
with acetic anhydride (150 ml) over 10 min, followed by a 3-hr reflux to 
prepare the corresponding formamides. Removal of the solvents in U ~ C U O  
gave the formamides (3.47 g, 93%); PMR: 6 7.86 and 8.10 (s, 4 . 5 H  each, 
CHO). 


This formamide mixture was chromatographed on a column of silica 
gel3 (600 g) prepared in benzene. The syn-9-amide (1.39 g) was eluted 
with benzene-ether (2:1, -1.5 liters) and recrystallized from 2-propanol, 
mp 129-131"; PMR: 6 1.01-1.33 (m, 2H, endo-Hi-2 and endo-H-3), 
1.92-2.29 (m, 2H, exo-H-2 and exo-H-3), 3.27 (m, 2H, bridgehead pro- 
tons), 4.14-4.29 (m, lH,anti-H-9), 5.19-5.95 (broads, lH,  NH), 7.17 (m, 
4H, aromatic protons), and 7.86 (s, lH ,  CHO); mass spectrum: mlz (rel- 
ative intensity) 188 (M+ + 1,3), 187 (M+, 9), and 142 (100). 


Anal.-Calc. for C12H13NO C, 76.97; H, 7.00; N, 7.48. Found C, 77.15; 
H, 7.02; N, 7.39. 


The anti-9-amide (1.77 g) also was eluted with benzene-ether (21, -2 


J. T. Baker Chemical Co., 60-200 mesh. 
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liters) and recrystallized from ethanol, mp 133.5-135'; PMR 6 1.11-1.36 
(m, 2H, endo-H-2 and endo-H-s), 1.86-2.17 (m, 2H, exo-H-2 and exo- 
H-3), 3.28 (m, 2H, bridgehead protons), 3.85-3.96 (m, lH,  syn-H-9), 
6.17-6.70 (broads, lH, NH), 7.14 (m, 4H, aromatic protons), and 8.10 (s, 
lH, CHO); mass spectrum: m/z (relative intensity) 188 (M+ + 1,3), 187 
(M+, 9), and 142 (100). 


Anal.-Calc. for C12H13NO C, 76.97; H, 7.00; N, 7.48. Found C, 77.19; 
H, 7.08; N, 7.45. 


A solution of the syn-9-formamide (1.0 g) in 10% HCl (30 ml) was 
heated under reflux for 1 hr. The aqueous solution was extracted with 
ether (3 X 25 ml), made basic with sodium hydroxide pellets (with cool- 
ing), and extracted with benzene (3 X 50 ml). The benzene extract was 
dried over anhydrous magnesium sulfate and evaporated in uacuo to give 
syn -9-aminobenzonorbornene quantitatively; PMR 6 0.87-1.33 (complex 
m, 2H, endo-H-2 and endo-H-3), 0.98 (s,2H, exchangeable with deute- 
rium oxide, NHz), 1.80-2.18 (complex m, 2H, exo-H-2 and exo-H-3), 
2.97-3.13 (complex m, 2H, bridgehead protons), 3.29 (8,  lH, anti-H-9), 
and 7.06-7.30 (m, 4H, aromatic protons); mass spectrum: mlz (relative 
intensity) 159 (M+, 18) and 128 (100). 


The amine was converted to its hydrochloride as already described, 
mp 344-346' (sealed tube). 


Anal.-Calc. for C I ~ H ~ ~ C I N :  C, 67.52; H, 7.26; N, 7.16. Found C, 67.79; 
H, 7.26; N, 7.05. 


The anti-9-formamide (1.0 g) was hydrolyzed as already described to 
yield anti-9-aminobenzonorbornene quantitatively; P M R  6 1.02-1.40 
(complex m, 2H, endo-H-2 and endo-H-3), 1.24 (s,2H, exchangeable with 
deuterium oxide, NH~),l.87-2.27 (complex m, 2H, exo-H-2 and ero-H-3), 
2.97-3.20 (m, 3H, syn-H-9 and bridgehead protons), and 7.14 (m, 4H, 
aromatic protons), in good agreement with the literature data (12,13); 
mass spectrum: m/z (relative intensity) 159 (M+, 35) and 128 (100). 


The hydrochloride was prepared as already described, mp 298-302" 
(sealed tube) [lit. (12) mp > 240'1. 


Anal.-Calc. for C11H14ClN: C, 67.52; H, 7.26; N, 7.16. Found C, 67.60; 
H, 7.22; N, 7.11. 


Biological*-Eualuation of Effect on Motor Actiuity-The effect of 
the 2- and 9-aminobenzonorbornenes on spontaneous motor activity was 
determined using groups of five female ICR mice (17-22 g). Three circular 
activity cages, each containing six photocells, were used. To eliminate 
error due to any difference in sensitivity of the photocells, each dose of 
each compound was tested once in each cage and the values were aver- 
aged. All drugs and controls were administered intraperitoneally in a dose 
volume of 1-1.5 m1/100 g of weight. The aminobenzonorbornene liydro- 
chlorides were administered as isotonic saline solutions. 


Control animals were treated with appropriate volumes of isotonic 
saline. Controls were carried out each testing day in each cage and aver- 
aged. The cages were dark inside, and ambient noise levels were kept to 
a minimum. Counting began immediately after injection and was con- 
tinued for 30 min. 


Evaluation of Ability to Accelerate Efflux of Tritiated Norepineph- 
rine from Isolated Perfused Rabbit Atria-The experiment was designed 
to measure the ability of the aminobenzonorbornenes (and several known 
sympathomimetics) to accelerate the efflux of tritium-labeled norepi- 
nephrine from isolated perfused rabbit atria. The technique represents 
a modification of that reported by Paton (14). 


Adult male New Zealand rabbits, 1.8-3.0 kg, were pretreated with 
either reserpine (2.0 mg/kg sc, 18 hr; 1.0 mg/kg iv, 1 hr) or D,L-a- 
methyl-p-tyrosine (250 mg/kg ip, 9 hr). The animals were killed by a blow 
on the neck, and their hearts then were excised rapidly. The atria were 
isolated and cut into six pieces of -35 mg each. The pieces then were 
mounted on fine hooks (prepared by bending the needles of standard 1-ml 
tuberculin syringes), which held the tissues and also delivered a constant 
stream of oxygen to any medium into which the tissues were placed. 


The atrial dissection was performed under constantly oxygenated 
medium (100% oxygen) at 25', and all subsequent incubations were done 
at 37O. The medium had the following composition: 140 mM NaCl, 5 mM 
KCI, 1.5 mM CaCLH20, 1.2 mM MgSO4,lO mM tris(hydroxymethy1)- 
aminomethane (pH 7.4), and 10 mM D-glucose. Edetate disodium di- 
hydrate (ethylenediaminetetraacetic acid disodium salt dihydrate) (3 


Injectable reserpine (Serpasil) was purchased from Ciba Pharmaceutical Co. 
Pargyline hydrochloride and D,L-a-methyl-p-t osine were purchased from Sigma 
Chemical Co. The a-methyl-p-tyrosine was aginistered as a sus nsion in corn 
oil. NCS tissue solubilizer was purchased from Amersham/Searr Tritiated L- 
norepinephrine (5.8 Ci/mmole, NET-377) was purchased from New England Nu- 
clear. All scintillation counting was done in 22-mm glass vials (Research Products 
International Corp., Elk Grove Village, Ill., No. 121053, polyethylene-lined caps) 
with a Packard model 2425 Tri-Carb liquid scintillation spectrometer. The scin- 
tillation cocktail was Packard Insta-Gel(6002177). 


X M) were added to the medium 
to prevent norepinephrine oxidation. To inhibit catechol O-methyl- 
transferase, the medium contained 1 X 


Once the atrial pieces were mounted onto the hooks, they were allowed 
to stand in the medium for 30 min to equilibrate. Then the tissue pieces 
were incubated for 30 min in medium that contained pargyline (5 X loe4 
M) to inhibit monoamine oxidase. The tissues then were transferred to 
fresh medium for 30 min to wash out the excess pargyline and were in- 
cubated in medium containing 5.8 X M tritiated norepinephrine 
for 1 hr. The tissues then were transferred every 5 min successively 
through a series of 21 tubes, each containing 5 ml of fresh medium. The 
compounds studied were present from 60 to 100 min during which efflux 
was measured. Amphetamine, methylphenidate, isomer I, and isomer 
I11 were studied at  5 X M; fenfluramine, isomer 11, and isomer IV 
were studied at  1 X M. At the end of the efflux period, the tissues 
were placed into scintillation vials containing 1 ml of tissue solubilizer 
a t  37'. Once the tissues were solubilized, the tissue solubilizer was neu- 
tralized with acetic acid, 10 ml of liquid scintillation cocktail was added, 
and the total tritium content was determined. 


One-milliliter portions of all efflux media (tubes 1-21) were added to 
scintillation vials, 10 ml of scintillation cocktail was added, and the tri- 
tium content was determined. In all cases, the scintillation counting was 
done after the vials had been cooled and dark adapted. The average 
counting efficiency was 40%. 


The tritiated norepinephrine content (A,) of the tissue at various times 
was calculated by adding successively, in reverse order, the amount of 
tritiated norepinephrine released into each tube during efflux to that 
remaining in the tissue at  the end of the experiment. Efflux was expressed 
as a rate coefficient ( f )  in minutes-': 


f = -  (Eq. 1) 


where AA represents the decays per minute (dpm) lost in the time in- 
terval At (5 min) and At is the amount of tritiated norepinephrine (dpm) 
in the tissue at  the midpoint of the time interval At. 


M) and sodium ascorbate (1 X 


M tropolone (14). 


AA 
AtAt 


RESULTS 


Effect of 2- and 9-Aminobenzonorbornenes on Spontaneous 
Motor Activity-The effects of the aminobenzonorbornenes on spon- 
taneous motor activity are shown in Fig. 2. Isomers I and I11 increased 
motor activity while I1 decreased motor activity. The syn-9 isomer (IV) 
did not significantly affect motor activity. The effect of dextroam- 
phetamine sulfate also was studied by the same procedure for direct 
comparison to the aminobenzonorbornenes. The ED50 of dextroam- 
phetamine sulfate was 0.55 mg/kg, and the maximal response was similar 
to that obtained for anti-9-aminobenzonorbornene. 


Acceleration of Efflux of Tritiated Norepinephrine from Isolated 
Perfused Rabbit Atria-The results are shown in Figs. 3 and 4 in which 
the calculated rate coefficient is plotted against time. In Fig. 3A, the entire 
efflux period is plotted. In all subsequent figures, only the efflux from 
35 to 105 min after labeling is shown. In all cases, the portion of the graph 
not included is similar to that of Fig. 3A. 


All four 2- and 9-aminobenzonorbornene isomers accelerated the efflux 
of tritiated norepinephrine from neurons of reserpine-treated animals. 
Isomers I and 111 exhibited effects similar in magnitude and duration to 
those caused by amphetamine. There was a peak response in the first tube 
(55-60 rnin), which contained the most tritiated norepinephrine after 
efflux, after which the amount of tritiated norepinephrine released into 
each tube approached control levels. 


Isomers I1 and IV were comparatively much less potent at the con- 
centration studied. These isomers were also similar to each other in 
magnitude and duration of response. They were, however, considerably 
different from I and 111 in the time course of response. Whereas I and 111 
caused an immediate maximal response which rapidly fell back toward 
control levels, it took several tubes for I1 and IV (55-70 min) before the 
maximal response was noted; and once this maximum level was reached, 
it was maintained for the duration of efflux. This finding was similar to 
the results obtained for fenfluramine and methylphenidate. 


When the animals were pretreated with a-methyl-p-tyrosine, I and 
111, as well as amphetamine, again produced an immediate maximal re- 
sponse. The magnitude and time course of the response caused by I and 
I11 were similar to these caused by amphetamine. In contrast to reserpine 
pretreatment, the response did not fall rapidly after the immediate 
maximum but declined only slightly from the maximal response during 
the remainder of efflux. 


Isomers I1 and IV were much less potent a t  accelerating the efflux of 
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Figure 2-Effect of the isomeric aminobenzonorbornenes on the 
spontaneous motor activity of mice. The data are expressed as counts 
per 30 min versus various doses of the compounds; the procedures are 
described under Experimental. Each point represents the mean of three 
experiments of five mice each (*SEM), except the control value (0) 
where n = 33. Key: A, isomerl; 0, isomer II; A ,  isomerIII;and ., isomer 
IV. 


tritiated norepinephine from atria of a-methyl-p-tyrosine-pretreated 
rabbits. They did produce a very slight immediate increase in efflux, 
which then decreased to nearly control levels. Fenfluramine was ap- 
proximately as effective at  accelerating the efflux of tritiated norepi- 
nephrine from a-methyl-p-tyrosine-pretreated tissues as from reser- 
pine-pretreated tissue. Methylphenidate resembled I1 and IV in that it 
was capable of accelerating the efflux of tritiated norepinephrine from 
reserpine-pretreated tissues but not from a-methyl-p-tyrosine-pre- 
treated tissues. 


DISCUSSION 


Of the aminobenzonorbornenes studied, only isomers that resemble 
the extended conformation of amphetamine (I and 111) increased the 
spontaneous motor activity of mice. These results are consistent with an 
earlier study which led to the conclusion that the extended conformation 
is critical for an agent of this type to cause an increase in motor activity 
(15). That isomer I1 decreased motor activity while IV had no effect on 
it is in general agreement with previous studies in which rigid and sem- 
irigid analogs that resembled the folded conformation of amphetamine 
either decreased or had no effect on motor activity (15,16). 


It is generally accepted that functionally distinct compartmentation 
of stored norepinephrine exists in adrenergic neurons. This compart- 
mentation is believed to consist primarily of a reserpine-sensitive vesic- 
ular store and a reserpine-resistant extravesicular (cytoplasmic) store 
(17-21). The cytoplasmic level of accumulated norepinephrine normally 
is regulated by vesicular storage (17) and by deamination by monoamine 
oxidase (22-24). Therefore, inhibition of these processes provides a means 
of increasing the size of the cytoplasmic store. In the present study, the 
ability of the isomers of aminobenzonorbornene to accelerate the efflux 
of tritiated norepinephrine from these two major compartments was 
studied. By using pargyline-treated atrial tissue from reserpine-pre- 
treated rabbits, a primarily cytoplasmic store was obtained. A primarily 
vesicular storage was obtained by using atrial tissue from a-meth- 
yl-p-tyrosine-pretreated rabbits. Although pargyline also was used in 
the a-methyl-p-tyrosine cases, the evidence indicates the lack of a sig- 
nificant cytoplasmic store. 


In another recent study using rigid analogs of amphetamine and a 
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Figure 3-Efflux of tritiated norepinephrine from isolated perfused 
rabbit atria; the procedures ore described under Experimental.'Key for 
graph A, controls (n = 5): 0, reserpine pretreatment; and A, ci-meth- 
yl-p-tyrosine pretreatment. Key for graph B, reserpine pretreatment 
(n = 3), and graph C ,  a-methyl-p-tyrosine pretreatment (n = 3): 0, 
amphetamine, 5 X M and 0, 
methyzphenidate, 5 X M. 


M, A, fenfluramine, 1 X 


similar experimental protocol, it was concluded that the fully extended 
form of amphetamine is involved in the displacement of norepinephrine 
from the cytoplasmic compartment while conformational mobility, or 
a conformation not approximated by either reported isomer, is required 
for displacement from the vesicular compartment 425). 


In the present study, all of the aminobenzonorbornenes were capable 
of accelerating the efflux of tritiated norepinephrine from reserpine- 
pretreated tissue. This finding indicated that each amine was capable 
of entering the neurons. The difference in the manner in which these rigid 
analogs accelerate the efflux of tritiated norepinephrine may reflect 
different types of tritiated norepinephrine storage with different ste- 
reochemical sensitivities and/or different modes of entry (for the test 
compounds) into the neurons (active transport versus passive diffusion). 
The curve shape and the magnitude of maximal response for methyl- 
phenidate were similar to those of I1 and IV. This fact may indicate that 
the stable conformation of methylphenidate resembles the folded form 
of amphetamine. 
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Figure 4-Efflux of tritiated norepinephrine from isolated perfused rabbit atria (n = 3); the procedures are described under Experimental. Graphs 
A and B are for reserpine pretreatment, and graphs C and D are for a-methyl-p-tyrosine pretreatment. Key: A, isomer I ,  5 X M n, isomer 
11, 1 X 10-4 M A, isomer III,  5 X M. M; and ., isomer IV, 1 X 


When the tissue used for these studies was taken from animals pre- 
treated with a-methyl-p-tyrosine, the results were quite different. Again, 
rigid analogs resembling the extended form of amphetamine were able 
to release tritiated norepinephrine. Also the shape of the curve and the 
magnitude of the response were similar for each compound (I and 111 and 
amphetamine). The analogs resembling the folded conformation, how- 
ever, were unable to release tritiated norepinephrine significantly from 
the tissue of a-methyl-p-tyrosine-treated animals. The use of the two 
pretreatments (reserpine uersus a-methyl-p-tyrosine) to give either 
predominantly cytoplasmic or vesicular storage of the perfused tritiated 
norepinephrine indicates that release from the vesicular storage has more 
rigid stereochemical requirements than release from cytoplasmic (re- 
serpine insensitive) sites. The extended conformation of amphetamine 
appears to be necessary for release from the vesicular sites while either 
the extended or the folded forms may cause the release from cytoplasmic 
sites. That methylphenidate again'resembles I1 and IV, this time in its 
inability to accelerate efflux from a-methyl-p-tyrosine-pretreated tissues, 
further indicates that the stable conformation of methylphenidate may 
resemble the folded form of amphetamine. 


It was reported that fenfluramine causes a decrease in motor activity 
except in animals pretreated with a monoamine oxidase inhibitor, in 
which case fenfluramine is nearly equipotent with amphetamine in in- 
creasing motor activity (26). In comparing the efflux data for these two 
compounds, one possible explanation for this phenomenon may be seen. 
Both compounds have similar curves for releasing tritiated norepi- 
nephrine from a-methyl-p-tyrosine-pretreated animals with the ex- 
ception that amphetamine shows a slight maximal response, which then 
falls rapidly to a constant level of efflux, while fenfluramine comes to this 
level immediately and declines only slightly from this level. However, 
in reserpine-pretreated tissue, amphetamine shows a much stronger 


initial response than does fenfluramine. This ability of fenfluramine to 
release tritiated norepinephrine from vesicles as effectively as amphet- 
amine, while not being as effective a t  releasing tritiated norepinephrine 
from cytoplasmic sites, would cause the norepinephrine released from 
vesicles, by fenfluramine, to have a greater exposure to intraneuronal 
monoamine oxidase than that released by amphetamine. If the level of 
norepinephrine in the cytoplasm and the level of deaminated metabolites 
of norepinephrine inside the neuron have a biochemical role in the neu- 
ron, it can be seen how compounds that can displace norepinephrine from 
cytoplasmic sites but not from vesicular sites (and vice versa) may derive 
some pharmacological effects uia alteration of the normal level of these 
metabolites and nonvesicular norepinephrine. 
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Abstract 0 Interaction of 1 mole of magnesium salicylate and 2 moles 
of theophylline in water precipitated a crystalline compound, identified 
as theophylline magnesium salicylate pentahydrate from analytical and 
supportive physicochemical data. Similarly, barium salicylate and 
theophylline produced theophylline barium salicylate. No precipitates 
were formed with calcium salicylate or strontium salicylate under the 
same conditions. Theophylline magnesium salicylate is not a mixture of 
components and differs in composition from the known theophylline 
calcium salicylate dihydrate. Unlike the latter compound, it is not alka- 
line. 


Keyphrases Theophylline magnesium salicylate-synthesis and 
properties Xanthines-theophylline magnesium salicylate, synthesis 
and properties 


The methylxanthines theobromine, theophylline, and 
caffeine have been used to stimulate the central nervous 
system, to promote diuresis, and for their cardiovascular 
effects. While investigating theophylline as a diuretic 
component for a proprietary product, an insoluble product 
resulted from the interaction of magnesium salicylate and 
theophylline. This paper describes the preparation and 
properties of theophylline magnesium salicylate, a crys- 
talline compound not previously reported. 


BACKGROUND 


Theobromine, theophylline, and caffeine are used medically as single 
entities, as soluble amine salts, or as the so-called double salts with alkali 
or alkaline earth metal salts of organic acids such as acetic, gluconic, 
benzoic, and salicylic acids. These double salts, believed by some to be 
definite compounds and by others to be simply mixtures, were prepared 
either to solubilize the xanthine (e.g., theophylline sodium acetate and 
caffeine sodium benzoate) or to make insoluble products (e.g., theo- 
bromine and theophylline calcium salicylates); the latter type of com- 


pound is claimed to be tolerated better in the GI tract than the parent 
xanthine. 


Various methods have been dbcribed for the preparation of the xan- 
thine double salts with alkali or alkaline earth metal salts of organic acids. 
For example, the soluble compound theophylline sodium acetate is made 
by heating together 1 equivalent each of theophylline and sodium hy- 
droxide, mixing them with 1 equivalent of aqueous sodium acetate, and 
evaporating the mixture to dryness (1). Theobromine sodium salicylate 
is made in a similar fashion (2). Theobromine and theophylline calcium 
salicylates are prepared according to a 1925 patent (3) by dissolving the 
xanthine in aqueous sodium hydroxide, adding a solution of sodium sa- 
licylate followed by solutions of calcium chloride and ammonium hy- 
droxide, and removing and drying the precipitate. The two insoluble 
calcium salicylate double salts are described as having the following 
compositions: 
1. For the neutral double salt, (C7H7N4O2)Ca(C6H4OHCO2)zCa. The 


Dresent authors believe this emDirical formula to be in error because the 
?ormula should be (C7H7N~02)2Ca(C6H40HC0*)zCa or simply 
(C7H7N4Oz)Ca(CsH,OHC02) since a subsequent patent (4) indicated 
that the compound contains one atom of calcium and 1 mole each of 
theobromine and salicylic acid. 
2. For the basic double salt, ( C ~ H ~ N ~ O ~ ) ~ C ~ ( C ~ H ~ O H O Z C ~ ) ~ .  
The aforementioned patents also stated that the analogous strontium 


double salts can be made in a similar fashion. 
Another patent (5), issued in 1949 for the same manufacturer as the 


previously cited patents, contained only one example for the preparation 
of neutral theobromine calcium salicylate' (by reacting theobromine 
calcium and salicylic acid), which is assigned the formula (C7H7N402)- 
Ca(C&4OHCOz).H~O. The corresponding theophylline calcium sali- 
cylate2 is the double salt of calcium salicylate and calcium theophylline 
in equimolecular proportions or (C~H~N~~~)C~(C~H~OHCO~)-~HZO (6). 
Both theobromine and theophylline calcium salicylates are slightly sol- 
uble in water and are alkaline (7-9). 


This description of the formula and preparation of theophylline cal- 


1 Theocalcin, Knoll. 
2 Phyllicin, Knoll. 
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Abstract A new microencapsulation procedure involving an all- 
aqueous phase system was developed. Viable cells or tissues were sus- 
pended in sodium alginate droplets, which then were gelled by calcium 
chloride solution. A permanent, semipermeable membrane was formed 
on the surface layer of the temporary gel capsules by treatment with a 
solution of polylysine. Finally, true living cell-containing microcapsules 
were produced by “liquefying” the gel within the microcapsules through 
calcium-ion removal by simple ion exchange. Microencapsulated living 
cells and tissues continued to grow and flourish. In tissue culture medium, 
microencapsulated rat pancreatic islets continued to release insulin and 
remained sensitive to glucose and theophylline stimulation, responding 
with a typical physiological biphasic insulin-release pattern for over 2 
months. Microencapsulation of other viable cells and tissues such as red 
blood cells, hepatoma cells, sperm cells, and pancreatic endocrine tissues 
also was successful. 


Keyphrases Semipermeability-membranes of microencapsulated 
viable hepatoma cells and microencapsulated viable pancreatic islets 
Pancreatic islets-viability within microcapsule demonstrated by insulin 
release pattern and histological staining Microencapsulation-sym- 
posium, preparation of viable microencapsulated hepatoma cells and 
pancreatic islets, semipermeable membranes 


Microencapsulation is a process in which small, discrete, 
solid materials, liquid droplets, or gases are completely 
enveloped by an intact membrane. The functions of the 
capsular membrane are to protect the material within and 
to control the flow of materials, inside and outside, across 
the membrane. 


BACKGROUND 


Microcapsules may possess impermeable or semipermeable mem- 
branes, depending on how and why the materials are encapsulated. Re- 
search and development in semipermeable microcapsules, pioneered by 


Chang (1,2), have recently multiplied greatly, especially in the biomedical 
field. Important materials encapsulated include activated carbon gran- 
ules, ion-exchange resins, enzymes, cofactors, hormones, proteins, anti- 
gens, and antiserums (1-6). Semipermeable microcapsules containing 
microbial cells also have been reported (7,8). However, they were used 
as sources of enzyme activities, and the cells were not viable. As far as the 
present authors know, no viable mammalian cells have been microen- 
capsulated. 


The current state of the art for preparing semipermeable microcapsules 
involves a t  least one of two harsh conditions: (a) contact of the aqueous 
phase, where the cells are located, with at  least one organic solvent phase; 
and ( b )  heating during the process. However, both conditions must be 
avoided for cells to stay viable during and after microencapsulation. 


The present report describes a simple all-aqueous phase system that 
successfully microencapsulates viable mammalian cells and tissues. 


0 4 8 12 16 20 24 28 32 36 40 44 
MINUTES 


Figure 1-Insulin release pattern of 27-day-old microencapsulated 
rat  islets by perfusion. 
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0 4 8 12 16 20 24 28 32 36 40 44 
MINUTES 


Figure 2-Insulin release pattern of 27-day-old rat islets by perfu- 
sion. 


EXPERIMENTAL 


Microencapsulation-The hepatoma cells’ or pancreatic islets2 first 
were uniformly suspended in a 0.6% sodium alginate3 solution prepared 
in saline. Droplets containing either cells or islets were produced by ex- 
trusion through a capillary tip and dropped into a beaker containing 1.5% 
CaClz solution. The calcium ions caused immediate gelling of each 
droplet. The temporary microcapsules thus formed were harvested by 
decantation and were processed further to impart a permanent semi- 
permeable membrane by suspension in a 0.02% polylysine3 solution for 
3-5 min. Before the cell- or islet-containing microcapsules were trans- 
ferred into tissue culture medium4, the alginate gel inside the capsules 
was “liquefied” in isotonic sodium citrate solution at  pH 7.2 for 5 min. 


Cell Culture Studies-Cell- and islet-containing microcapsules, as 
well as the corresponding nonencapsulated cells and islets used as con- 
trols, were cultured at 37O in disposable, plastic tissue culture flasks5 
containing the culture medium with 9% fetal bovine serum and 20 mg of 
gentamicidml. 


Viability and growth of the cultures were monitored through an in- 


Figure 4-The same microcapsule, Day 2 (same magnification). 


verted microscope and by histological stains on microscopic sections. 
For insulin production and release studies, a perfusion system similar 


to that used by Lacy et at. (9) was assembled and used inside a 37” walkin 
incubating room. Samples were collected at  2- and 4-min intervals. 
Baseline insulin release was obtained with 100 mg/100 ml of glucose in 
the perfusing culture medium, while stimulation studies were carried out 
with medium containing 500 mg/100 ml of glucose and 10 m M  of theo- 
phylline. 


RESULTS AND DISCUSSION 


Perfusion studies with 10 islets and 10 microencapsulated islets (Figs. 
1 and 2) showed that the amounts of insulin released per islet per minute 
upon stimulation by a combination of high glucose (5 mg/ml) and theo- 
phylline (10 mM) were comparable between the two groups. However, 
at 24 days, the control islets showed a high level of baseline insulin release 
(1 mg/ml) and a somewhat abnormal-looking stimulation-response 
pattern. In contrast, the microencapsulated islets produced a reasonably 
low level of baseline insulin release and a typical, biphasic stimulation- 
response pattern. 


Abundance and continuation of cell proliferation were evident in all 
microencapsulated cells and tissues (Figs. 3-8). Viable and healthy B cells 


Figure 3-Hepatoma cells growing inside a microcapsule, Day 1 
(270 X) . 


Hepatorna cells were freshly grown and provided by Dr. Richard Carchman’s 
laboratory, De artment of Pharmacology, Medical College of Virginia, Virginia 
Commonwealti University, Richmond, Va. 


Three- to 6-day-old pancreatic islets were supplied by Dr. Anthony Sun, Con- 
nau ht Laboratories. 


gigma Chemicals Co., St. Louis, Mo. 
Medium CMRL-1969, Connaught Laboratories, Toronto, Canada. 
Falcon flasks, Flow Laboratories, McLean, Va. 


Figure 5-The same microcapsule, Day 9 (same magnification). Note 
the increase in size due to stretching of the membrane by the over- 
crowded cells. 
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Figure &Five-week-old microencapsulated rat islet. Note the number 
of cells proliferated from the islet. 


Figure 6-The same microcapsule, Day 10 (same magnification). Note 
the continuing increase in size and the  definite sign of bursting of the  
microcapsule. 


were noted in the microscopic sections of microencapsulated islets stained 
with hematoxylin-eosin and with aldehyde-fuchsin (Figs. 9 and 10). 
Control islets showed signs of degeneration, including progressive B-cell 
degranulation, a t  the end of 3 weeks. On the other hand, microencapsu- 
lated islets flourished for over 8 weeks, with more cell proliferation and 
good insulin production and release. 


Microencapsulated hepatoma cells appeared to grow and multiply in 
suspension at about the same rate as the nonencapsulated control group 
(doubling time of -24 hr). Final photomicrographs (Figs. 3-7) of the same 
microcapsules taken through the tissue culture flask showed that over- 
crowding hepatoma cells first stretched the capsular membrane before 
finally bursting the capsule at Day 10. 


The significance and advantages of maintaining cultures of viable cells 
or tissues within semipermeable microcapsules are numerous: 


Figure 9-Paraffin section of microencapsulated islet stained with 
hematoxylin-eosin. 


Figure 7-The same microcapsule, Day 11 (same magnification). Note 
the further increase in  size and the  complete bursting of the  micro- 
capsule. aldehyde-fuchsin. 


Figure 10-Paraffin section of microencapsulated islet stained with 
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1. The microcapsules can be used as individual microculture flasks, 
making it easier to handle and manipulate culture cells, especially when 
they are used as an investigative tool in the study of cell metabolism and 
regulation and the dynamics of hormone action and production. 


2. The immediate cell environment can be made more similar to solid 
tissue density and biochemical characteristics and, therefore, more 
physiological and natural. 


3. In  uiuo and in uitro sterile conditions are easier to maintain since 
bacterial and viral cells cannot cross the capsular membrane. 


4. When microencapsulated cells or tissues are used as injectable 
prostheses or implantable (or ex uiuo) artificial organs, it should be 
possible to specify the capsular membrane’s permeability range to suit 
a particular use such as prevention of immune rejection or toxin re- 
moval. 


Specifically, the microencapsulated islet appears to have great potential 
as a better and simpler implantable and, possibly, physiologically dis- 
posable artificial pancreatic endocrine organ for the treatment of dia- 
betes. Preliminary animal studies have begun to give encouraging re- 
sults. 
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Abstract D Poly(N“,N‘-L-lysinediylterephthaloyl) capsules containing 
hemolysate were prepared in the nanometer range by an interfacial 
polymerization technique using electrocapillary emulsification to obtain 
very fine hemolysate droplets for encapsulation. The effects of temper- 
ature, emulsifier concentration, and the applied potential on the size 
distribution of the polyamide capsules were investigated. The polyamide 
capsules prepared under proper conditions have an average diameter of 
-500 nm. 


Keyphrases Poly(Na,Nf-L-lysinediylterephthaloyl) microcap- 
sules-containing hemolysate, prepared by interfacial polymerization 
using electrocapillary emulsification II Electrocapillary emulsifica- 
tion-synthesis of poly(N“,N‘-L-tysinediylterephthaloyl) microcapsules 
containing hemolysate, effect of temperature, emulsifier concentration, 
and applied potential on polyamide capsule-size distribution Mi- 
croencapsulation-symposium, preparation of nanograde-sized poly- 
amide microcapsules containing hemolysate, effect of temperature, 
emulsifier concentration, and applied potential on capsule-size distri- 
bution 


Previous studies on poly(NcY,NE-L-lysinediyltere- 
phthaloyl) microcapsules containing hemolysate were 
carried out with the aim of using them as artificial red 
blood cells (1-3). Most of the encapsulated hemoglobin 
molecules retained their oxygen absorbability while cat- 
alase and carbonic anhydrase lost some of their enzymatic 
activities during encapsulation; suspensions of the mi- 
crocapsules exhibited flow properties similar to those of 
blood unless the capsule concentration exceeded 30% by 
volume. Because of their relatively large size (mean di- 
ameter of 10 pm) and low deformability in shear flows, the 
microcapsules were not expected to pass through capillary 
blood vessels. Thus, an attempt was made to prepare much 


smaller capsules loaded with hemolysate that could pass 
through capillary blood vessels. 


When a potential difference that is higher than a critical 
value, the critical voltage of emulsification, is applied to 
an oil-water interface, the interfacial tension is reduced 
almost to zero and spontaneous emulsification occurs, due 
to the interfacial fluctuation, in the absence of surfactant 
or in the presence of a very small amount (4, 5). The 
emulsions thus formed are monodisperse and stable, with 
the average particle diameter being <200 nm. The neces- 
sary condition for this electrocapillary emulsification is 
that the ionic strength, and hence the reciprocal double- 
layer thickness, of the inner phase be higher than that of 
the outer phase. Because of the difficulty in obtaining 
hemolysate droplets of <1 pm by conventional mechanical 
emulsification processes, the electrocapillary emulsifica- 
tion technique seems to be promising. 


The present paper describes the preparation of 
poly(N”,N‘-L-lysinediylterephthaloyl) capsules in the 
nanometer range containing sheep hemolysate by inter- 
facial polymerization using electrocapillary emulsification 
to obtain very fine hemolysate droplets for encapsulation. 
Factors influencing the capsule size also are described. In 
addition, the effect of the applied potential on the enzy- 
matic activities of catalase and carbonic anhydrase in the 
hemolysate droplets is reported. 


EXPERIMENTAL 


Apparatus for  Electrocapillary Emulsification-Figure 1 shows 
the schematic diagram of the apparatus used for electrocapillary emul- 
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Abstract A mass fragmentographic procedure was developed for 
measuring quantities of <1.0 ng of timolol/ml of plasma or urine. The 
lower limit of sensitivity was 0.5 ng of timolol maleate/ml of plasma. The 
unchanged drug was extracted into heptane-4% isopentyl alcohol from 
alkalinized plasma or urine, together with propranolol hydrochloride as 
the internal standard. The compounds were subsequently back-extracted 
into 0.1 N HCl and then into chloroform following adjustment of the 
acidic phase to an alkaline pH. The chloroform layer was evaporated to 
dryness, and the compounds were derivatized with N-methyl-N-tri- 
methylsilyltrifluoroacetamide-acetonitrile to form the trimethylsilyl 
derivatives; these derivatives were quantitated by mass fragmentography. 
Recovery of timolol added to normal plasma and urine was quantitative 
and reproducible, and no interfering substances were observed in normal 
biological samples. After a 20-mg oral dose of timolol maleate, plasma 
levels of -3.0 ng/ml were observed at  12 hr. 


Keyphrases 0 Timolol-extraction, derivatization, mass fragmento- 
graphic determination, plasma and urine 0 0-Adrenergic blocking 
agents-timolol, extraction, derivatization, mass fragmentographic de- 
termination, plasma and urine 0 Mass fragmentography-determina- 
tion, timolol, plasma and urine 


Timolol maleate, (-) - 1 - (tert-  butylamino) -3- [ (4-mor- 
pholino-1,2,5-thiadiazol-3-yl)oxy]-2-propanol maleate, is 
a 0-adrenergic receptor blocking agent with a high 0- 
adrenergic inhibitor capacity. Due to the intensity of its 
effect, it is administered orally in small doses, varying 
between 10 and 20 mg, depending on the treatment needs. 
In addition, its high extravascular diffusion rate gives it 
an average apparent volume of distribution of 3.64 liters/ 
kg. A low administered dose and a high apparent volume 
of distribution contribute to low plasma concentrations. 
For a proper pharmacokinetic study, assay techniques 
must be capable of measuring plasma levels as low as 0.5 
ng of timolol/ml. 


An electron-capture GLC determination of timolol in 
human plasma and urine was described by Tocco et al. (1). 
The lower limit of sensitivity was 2.0 ng/ml. 


This report describes a mass fragmentographic proce- 
dure whose sensitivity threshold of 0.5 ng of timolol/ml of 


,CH3 
OCHZCHOH CHaHC- CH3 


CH3 
\ 


I 


plasma enables plasma concentrations to be monitored for 
over 12 hr after oral administration of a 20-mg single dose 
of timolol maleate in a healthy adult. 


EXPERIMENTAL 


Reagents-Timolol (I) was used as the maleate salt’, and propranolol 
(11) hydrochloride2 served as the internal standard. All concentrations 
were expressed in terms of the base salt. Pesticide quality n-heptane3, 
isopentyl alcohol3, methylene chloride4, ethyl acetate5, and acetonitxilea 
nanograde reagent were used without further purification. Hydrochloric 
acid, sodium hydroxide, and double-distilled water were used in the 
preparation of 0.1 N HCl and 1.0 and 2.0 N NaOH. N-Methyl-N-tri- 
methylsilyltrifluoroacetamide7 served as the reagent for preparing the 
trimethylsilyl derivatives of timolol and propranolol. , CH3 


OCH,CHOH CHJVHCH 
I \ 


‘CH3 


I1 


1 Merck Sharp & Dohme, Chibret, Paris, France. * I.C.I., Enghien Les Bains, France. 
3 Prolabo R.P., Paris, France. 
4 Merck, Interchim, Montlqon, France. 
5 Fluka A.G., Interchim, Month on, France. 
6 Mallinckrodt, Interchirn, Mont!uGon, France. 
7 Pierce Chemical Co., Interchim, Montlugon, France. 
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Table I-Repeatability Assay with Timolol Maleate Plasma 
Samples 


Samples with Found, 
1 ng/ml ndml 


1006 


80 - 


60-  - 
v) z 
w 
k 


w 


k 


z 
L 
a 


a 
40- 


20 - 


Table 11-Repeatability Assay with Timolol Maleate Plasma 
Samples 


Samples with Found, 
50 ng/ml ng/ml 


9 
10 


Mean f RSD 


0.77 
0.79 
0.82 
0.98 
1.05 
1.21 
0.93 
1.11 
0.93 
0.98 


0.96 f 0.15 


9 
10 


Mean f RSD 


47.2 
50.4 
51.7 
54.0 
49.8 
48.1 
50.2 
52.3 
48.7 
51.3 


50.4 f 2.1 


Apparatus-The samples were analyzed on a GLCmass spectrometer 
equipped for mass fragmentcgraphp (M.I.D.). The gas chromatographg 
was equipped with a 20-m X 0.03-cm glass capillary column with 2% 
OVl'O. The gas chromatograph was operated isothermally with oven and 
injection temperatures maintained at  230 and 250°, respectively. The 
helium carrier gas flow rate was 10 ml/min. Other operating conditions 
were: source temperature, 260'; separator temperature, 240'; electron- 


0 L 
1 


72 


TC 
100 


Figure 1-Total ion current of a sample spiked with propranolol and 
timolol showing the traces of M - 72 and M - 86 fragments corre- 
sponding to the most abundant ions of trimethylsilyl derivations of 
propranolol and timolol. 


* Model 2091 (electron impact, chemical ionization), L.K.B. Clinicon, Orsay, 
France. 


Pye Unicam Philips 204, Paris, France. 
Acta Co., Paris, France. 


impact energy, 35 ev; and trap current, 100 pamp. The M.I.D. program" 
was used with a computer12. 


Assay-The extraction was similar to that described by Tocco et al. 
(I). In a 10-ml glass-stoppered centrifuge tube were placed 1.0 ml of 
plasma or 0.1 ml of urine, 50 p1 of propranolol internal standard (stock 
solution, lo00 ng/ml of water), 0.1 ml of 1.0 N NaOH, and 7 ml of hep- 
tane-4% isopentyl alcohol. The mixture was shaken mechanically for 10 
min and centrifuged. In a 10-ml glass-stoppered centrifuge tube were 
placed 1.0 ml of 0.1 N HCl and 6 ml of the organic phase. 


After the tubes were shaken and centrifuged, the organic phase was 
discarded by aspiration. To the aqueous phase were added 0.2 ml of 2.0 
N NaOH and 7.0 ml of methylene chloride. The samples were shaken for 
10 min and centrifuged.The organic phase was removed carefully, and 
6.0 ml was added to a 10-ml silanized glass-stoppered tube. The contents 
were evaporated to dryness in a 60' heating block under a nitrogen 
stream. 


The residue was dissolved in 0.1 ml of N-methyl-N-trimethylsilyltri- 
fluoroacetamide-acetonitrile reagent (10% in acetonitrile), and the 
stoppered tube was heated a t  50' for 45 min. The tubes were cooled to 
room temperature, and then the contents were evaporated to dryness a t  
60' using a nitrogen stream. The residue was dissolved in 0.050 ml of ethyl 
acetate, and 2 p1 was chromatographed. 


The retention times of derivatized timolol and derivatized propranolol 
(internal standard) were 410 and 340 sec, respectively. GLC-mass 
spectrometric analysis showed that the products of silylation were the 
monotrimethylsilyl derivatives formed with the alcohol function of the 
lateral chain. 


ion 72 rrm 


ion 'SS rrrl 


Figure 2-Peaks obtained by 
mass fragmentography with 
plasma containing 50.0 ng of pro- 
pranolol hydrochloride (amplifi- 
cation 20.0, m/z 72) and 1.0 ng of 
timolol maleate (amplification 
150.0, m/z 86)lml. 


l1 Clinicon Co., Sweden. 
l2 Digital PDP 11 with Tektronix 4012 and Central Printing Rank, Xerox, Paris, 


France. 
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Table 111-Plasma Timolol Maleate Levels (Nanograms per Milliliter) in Five Human Subjects after a Single 20-mg Oral Dose of 
Timolol Maleate 


Hours after 
Single Dose 


Subject 
I 2 3 4 5 Mean f SEMa 


0.50 32.2 1.4 26.0 15.6 108.1 36.7 f 18.6 
1.00 50.1 37.1 20.4 67.3 52.8 45.5 f 7.9 
1.50 33.1 81.2 53.2 63.4 52.8 56.6 f 7.9 
1.75 19.4 84.2 22.8 98.4 69.8 58.9 + 16.1 
2.00 
3.00 
4.00 
6.00 


26.6 
13.0 
11.1 
5.00 


60.7 
103.1 
54.6 
27.3 


32.1 
22.4 
15.5 
8.8 


~~ ~ 


68.0 
59.1 
30.2 
18.7 


36.0 44.7 I a.2- 
37.7 47.1 f 16.0 
25.2 27.3 f 7.6 
17.1 15.4 f 3.9 


8.00 3.2 15.7 4.6 10.5 10.0 8.8 f 5.0 
12.00 0.8 7.2 1.4 3.8 2.7 3.2 f 2.5 


a SEM = R S D I G .  


The M - 72 and M - 86 fragments, which constituted the most intense 
fragments in the mass spectra of the trimethylsilyl derivatives of pro- 
pranolol and tirnolol, respectively, were used for the mass fragmento- 
graphic determination of propranolol and timolol. 


Two standard curves (0-10 and 10.0-100.0 ng/ml of plasma) were 
constructed by analysis of samples of control plasma containing known 
quantities of timolol and propranolol. The ratios obtained by dividing 
the intensities of ion 86 by ion 72 were expressed and plotted against the 
concentrations of timolol maleate, in nanograms per milliliter of plasma 
or urine. The regression line of the data corresponding to the experi- 
mental points was drawn through the origin. Concentrations of timolol 
maleate were determined by interpolation from the standard curves. 


Timolol in Human Plasma-Five healthy human subjects (two 
women and three men) were given a single 20-mg oral dose of timolol 
maleate (two tablets13 of 10 mg). Blood was collected in heparinized 
containers a t  intervals over 12 hr following the single dose. Plasma was 
separated by centrifugation and frozen until assayed. 


RESULTS AND DISCUSSION 


Figure 1 shows a chromatogram obtained with plasma containing 50 
ng of the internal standard and 50 ng of timolol (timolol maleate)/ml 
using total ion current detection. These peaks correspond to ions m/z 72 
and 86 that were chosen for mass fragmentographic determination. 


Blank plasma or urine samples gave no interfering peaks on the chro- 
matogram. Metabolites of timolol with an unaltered lateral chain could 
interfere with the timolol peak, but their retention times are different. 
Two calibration curves prepared from two ranges of plasma levels (0-10.0 
and 0-100 ng/ml of a same pool of plasma) indicated that intensity ratios 
of ions m/z 86 and 72 were linear when plotted against the concentrations 
of timolol maleate. 


The lower limit of sensitivity was <0.5 ng of timolol maleate/ml of 
plasma or urine. Figure 2 shows the run obtained with a human plasma 
sample when 1.0 ng of timolol maleate was added to 1.0 ml of plasma. This 
concentration of timolol gave, for m/z 86, a peak height of -100 mm with 
an amplification value equal to 150. The upper limit of linearity was at  
least 100 ng/ml. The coefficients of correlation were 0.9804 and 0.9948 
for the low and high calibration curves, respectively. 


13 Timacor, Laboratoires Merck Sharp 81 Dobme, Chibret, Paris, France. 


Repeatability assays were performed throughout the experiment on 
two pools of human plasma samples containing 1 and 50 ng/ml (Tables 
I and 11). Timolol maleate concentrations were determined by interpo- 
lation from the corresponding standard curves. The mean concentrations 
(fRSD) were 0.96 f 0.15 and 50.4 f 2.1 ng of timolol maleate/ml of 
plasma with the low and high concentration plasma samples, respec- 
tively. 


The lower limit of sensitivity for plasma levels expressed as the timolol 
salt is approximately five times lower than that obtained by Tocco et al. 
(1) using electron-capture GLC. 


The accuracy of the technique is good since the relative standard de- 
viation scarcely exceeded 16.0 and 4.2% of the averages obtained in the 
repeatability tests performed on plasma samples containing 1 (Table I) 
and 50 ng of timolol maleatdm1 of plasma (Table 11). These figures reflect 
an accuracy greater than that obtained with GLC analysis (1,2). 


This mass fragmentographic method is presumed to be specific for 
determining the intact compound in plasma and urine. The same pro- 
cedure was applied to numetous urine samples in pharmacokinetic 
studies. 


Plasma timolol levels were determined in five healthy human subjects 
over 12 hr following a single 20-mg oral dose of timolol maleate (Table 
111). Mean plasma timolol levels were near 3.2 ng/ml (Table 111). The 
sensitivity level enables good approximate measurement of the plasma 
concentrations throughout pharmacokinetic studies. The terminal 
half-life of timolol was 2.62 f 0.38 hr, and peak plasma leveIs of 82.5 ng/ml 
occurred at  1.55 hr after drug administration. 
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Abstract 0 Interaction of 1 mole of magnesium salicylate and 2 moles 
of theophylline in water precipitated a crystalline compound, identified 
as theophylline magnesium salicylate pentahydrate from analytical and 
supportive physicochemical data. Similarly, barium salicylate and 
theophylline produced theophylline barium salicylate. No precipitates 
were formed with calcium salicylate or strontium salicylate under the 
same conditions. Theophylline magnesium salicylate is not a mixture of 
components and differs in composition from the known theophylline 
calcium salicylate dihydrate. Unlike the latter compound, it is not alka- 
line. 


Keyphrases Theophylline magnesium salicylate-synthesis and 
properties Xanthines-theophylline magnesium salicylate, synthesis 
and properties 


The methylxanthines theobromine, theophylline, and 
caffeine have been used to stimulate the central nervous 
system, to promote diuresis, and for their cardiovascular 
effects. While investigating theophylline as a diuretic 
component for a proprietary product, an insoluble product 
resulted from the interaction of magnesium salicylate and 
theophylline. This paper describes the preparation and 
properties of theophylline magnesium salicylate, a crys- 
talline compound not previously reported. 


BACKGROUND 


Theobromine, theophylline, and caffeine are used medically as single 
entities, as soluble amine salts, or as the so-called double salts with alkali 
or alkaline earth metal salts of organic acids such as acetic, gluconic, 
benzoic, and salicylic acids. These double salts, believed by some to be 
definite compounds and by others to be simply mixtures, were prepared 
either to solubilize the xanthine (e.g., theophylline sodium acetate and 
caffeine sodium benzoate) or to make insoluble products (e.g., theo- 
bromine and theophylline calcium salicylates); the latter type of com- 


pound is claimed to be tolerated better in the GI tract than the parent 
xanthine. 


Various methods have been dbcribed for the preparation of the xan- 
thine double salts with alkali or alkaline earth metal salts of organic acids. 
For example, the soluble compound theophylline sodium acetate is made 
by heating together 1 equivalent each of theophylline and sodium hy- 
droxide, mixing them with 1 equivalent of aqueous sodium acetate, and 
evaporating the mixture to dryness (1). Theobromine sodium salicylate 
is made in a similar fashion (2). Theobromine and theophylline calcium 
salicylates are prepared according to a 1925 patent (3) by dissolving the 
xanthine in aqueous sodium hydroxide, adding a solution of sodium sa- 
licylate followed by solutions of calcium chloride and ammonium hy- 
droxide, and removing and drying the precipitate. The two insoluble 
calcium salicylate double salts are described as having the following 
compositions: 
1. For the neutral double salt, (C7H7N4O2)Ca(C6H4OHCO2)zCa. The 


Dresent authors believe this emDirical formula to be in error because the 
?ormula should be (C7H7N~02)2Ca(C6H40HC0*)zCa or simply 
(C7H7N4Oz)Ca(CsH,OHC02) since a subsequent patent (4) indicated 
that the compound contains one atom of calcium and 1 mole each of 
theobromine and salicylic acid. 
2. For the basic double salt, ( C ~ H ~ N ~ O ~ ) ~ C ~ ( C ~ H ~ O H O Z C ~ ) ~ .  
The aforementioned patents also stated that the analogous strontium 


double salts can be made in a similar fashion. 
Another patent (5), issued in 1949 for the same manufacturer as the 


previously cited patents, contained only one example for the preparation 
of neutral theobromine calcium salicylate' (by reacting theobromine 
calcium and salicylic acid), which is assigned the formula (C7H7N402)- 
Ca(C&4OHCOz).H~O. The corresponding theophylline calcium sali- 
cylate2 is the double salt of calcium salicylate and calcium theophylline 
in equimolecular proportions or (C~H~N~~~)C~(C~H~OHCO~)-~HZO (6). 
Both theobromine and theophylline calcium salicylates are slightly sol- 
uble in water and are alkaline (7-9). 


This description of the formula and preparation of theophylline cal- 


1 Theocalcin, Knoll. 
2 Phyllicin, Knoll. 
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Table I-Analysis of Theophylline Magnesium Salicylate 


Calculated, % 
Found, (I)ZMg(II)r (I)Mg(II)- 


% 5 H d  (I)Me(II) 3H?O 


Theophylline (I) 47.60 47.98 52.59 45.43 
Salicylate (11) as 36.20 36.70 40.31 34.83 


Magnesium 3.28 3.26 7.10 6.13 
Water (Karl Fischer 12.80 12.06 - 13.61 


salicylic acid 


method) 
Total 99.88 m 1 0 0 . 0 0 1 0 0 . 0 0  


Table 11-Analysis of Theophylline Barium Salicylate 


Calculated, % 
Found, % (I)ZBa(II)z (I)Ba(II) 


Theophylline (I) 46.6 46.6 39.49 
Salicvlate (11) as salicvlic acid 35.7 35.7 30.23 " . .  


30.28 
100.00 


Barium 17.8 m 
Total 100.1 100.0 


cium salicylate is cited in detail because it will be shown that theophylline 
magnesium salicylate differs from its calcium analog, both in its com- 
position and in the manner of its preparation. 


EXPERIMENTAL 


Theophylline Magnesium Salicylate Pentahydrate-Magnesium 
salicylate tetrahydrate3 [(C6H40HC00)2Mg4H20] (37.1 g, 0.1 mole) 
was dissolved in 480 ml of distilled water and warmed to 40'. Anhydrous 
theophylline4 ( C ~ H B N ~ O ~ )  (36.0 g, 0.2 mole) was added and stirred until 
it dissolved. The resulting solution was filtered rapidly and allowed to 
stand, upon which precipitation of a white crystalline solid occurred. After 
standing for several hours, the precipitate was filtered off and washed 
quickly with three 15-ml portions of cold (5') distilled water. The pre- 
cipitate was dried at 70' for 6 hr. The product yield was 61.8 g. The an- 
alytical results are shown in Table I. 


Theophylline Barium Salicylate-To compare the behavior of 
barium salicylate under reaction conditions similar to those used for the 
preparation of theophylline magnesium salicylate, 43 g (0.1 mole) of 
barium salicylate monohydrate5 was dissolved in 250 ml of water, and 
36 g (0.2 mole) of theophylline was dissolved in the solution. After 
standing for 1 day, the precipitated solid was filtered off and dried in 
uacuo for 6 hr at 70'. The yield was -50 g. The analysis of the dried 
product is shown in Table 11. 


Attempts to Prepare Strontium and Calcium Analogs of Theo- 
phylline Magnesium Salicylate-Strontium salicylate5 (19.9 g, 0.05 
mole) was dissolved in 400 ml of water, and 18.0 g (0.1 mole) of theo- 
phylline was dissolved in this solution. No precipitation occurred on 
standing for several hours. Only a small amount of solid formed overnight 
in the refrigerator, and it was identified as theophylline by its melting 
point and mixed melting point with an authentic sample. 


Calcium salicylate5 (17.5 g, 0.05 mole) was dissolved in 588 ml of water, 
and 18.0 g (0.1 mole) of theophylline was dissolved in this solution. No 
precipitate formed on standing at room temperature; on standing in the 
refrigerator overnight, a small amount of solid deposited and was iden- 
tified as theophylline. 


No attempts were made to evaporate the aqueous solutions of theo- 
phylline, strontium, and calcium salicylates and to identify the residues 
since the principal aim was to determine if the reactants would readily 
yield precipitates under the same conditions employed for the reaction 
between magnesium and barium salicylates and theophylline. 


Preparation of Magnesium Analog of Theophylline Calcium 
Salicylate Dihydrate-Since the cited patent literature discloses pro- 
cesses for making double salts of theobromine and theophylline by re- 
acting these xanthines and their calcium or strontium salts with an 
equivalent molecular quantity of basic or neutral calcium or strontium 
salicylate, a similar procedure was used to make the analogous magnesium 
double salt. A solution of 37 g (0.1 mole) of magnesium salicylate tet- 


Table 111-Analysis of the Magnesium Analog of Theophylline 
Calcium Salicslate Dihsdrate 


Theophylline (I) 45.6 45.54 47.98 
Salicylate (11) as salicylic 35.4 34.66 36.70 


acid -. ~ .. 


Magnesium 6.1 6.15 3.26 
Water (Karl Fischer 13.9 13.65 12.06 


method) - - - 
Total 101.0 100.00 100.00 


rahydrate in 458 ml of water was placed in a blender. To this solution were 
added 19.45 g (0.1 mole) of magnesium hydroxide (as the 30% paste6) and 
36 g (0.2 mole) of anhydrous theophylline, and the mixture was dispersed 
thoroughly. The resultant slurry was evaporated to dryness over a steam 
bath and then ground to a powder to yield 75 g. The analysis of the 
powder is given in Table 111. 


Physical Data-To support the fact that theophylline magnesium 
salicylate is a definite crystalline compound and not a physical mixture 
of its components, UV and IR spectrograms, X-ray powder diffraction 
data, and thermograms were evaluated. 


The UV spectrogram of theophylline magnesium salicylate pentahy- 
drate was compared to the spectra of magnesium salicylate and theo- 
phylline, and no significant structural changes could be deduced. 


The IR spectrum obtained7 from a physical mixture in mineral oil 
containing 2 moles of theophylline and 1 mole of magnesium salicylate 
was essentially the sum of the spectra of theophylline and magnesium 
salicylate (Fig. 1). This finding was confirmed by grinding theophylline 
in mineral oil and then adding magnesium salicylate to it. The spectrum 
from this suspension was identical to the spectrum of the physical mix- 
ture. In contrast, the IR spectrum of theophylline magnesium salicylate 
pentahydrate (Fig. 2) differed fromthat of the physical mixture. Beside 
the difference in the NH stretching region (3120 cm-'), the carbonyl band 
at 1715 cm-I in the physical mixture was not present in the spectrum of 
theophylline magnesium salicylate. 


X-ray diffraction measurements were made to compare theophylline 
magnesium salicylate, a physical mixture of theophylline and magnesium 
salicylate in a 2:l molar ratio, and the individual components. The 
samples, positioned in a Bakelite holder, were placed in the sample 
compartment of a spectrogoniometers arranged in the diffractometry 
mode and irradiated with CuK radiation. The diffraction patterns from 
5 to 20° 28 were obtained. The relative peak intensities were calculated, 
and the interplanar d spacings corresponding to the diffraction peaks 
were calculated using a trigonometric package programg adapted to de- 
termine 28 values from d values and to determine d values from 28 values. 
Only the data from the physical mixture and theophylline magnesium 
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Figure 1-ZR spectrogram of a physical mixture of theophylline and 
magnesium salicylate in a 2:l molar ratio. 
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Figure 2-IR spectrogram of theophylline magnesium salicylate. 


salicylate are shown in Table I and Figs. 3 and 4. The diffraction data 
show that theophylline magnesium salicylate is a true compound that 
exists in a crystalline form different from its components and a physical 
mixture of each component. 


Thermograms (Fig. 5) were obtained with magnesium salicylate, 
theophylline, a 2:l theophylline-magnesium salicylate mixture, and 
theophylline magnesium salicylate using a scanning calorimeterlo: 
Thermal transitions occurred in theophylline and magnesium salicylate 
at 283 and 117-118", respectively. Only one thermal transition, a t  
139-140°, occurred with theophylline magnesium salicylate. Upon 
cooling, this melt again was subjected to thermal analysis, and one 
transition at 139-140" was found. The 2:l molar mixture of components 
showed two bands, one corresponding to magnesium salicylate a t  118' 
and another a t  139-140°. The latter band probably arises from a reaction 
between the two components in the molten state to form theophylline 
magnesium salicylate. 


Pharmacological Data on Theophylline Magnesium Salicy- 
late-The acute oral toxicity in mice (72 hr) was determined as: theo- 
phylline magnesium salicylate, 665 f 35 mglkg; anhydrous theophylline, 
460 f 35 mg/kg; and magnesium salicylate, 1200 f 53 mg/kg. 


The toxicity appears to be a summation of the toxicities of the theo- 
phylline and magnesium salicylate entities of the compound, which is 
not unexpected since the compound contains -48% theophylline and 40% 
magnesium salicylate. When the compound was given intravenously to 
a dog at 4 mg/kg, it showed a slight but transient elevation of blood 
pressure. In the inflamed rat paw test (lo), the compound given orally 
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Figure 3-X-ray diffraction data showing relative peak intensities of 
a 2:l molar physical mixture of theophylline and magnesium salicy- 
late. 
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Figure 4-X-ray diffraction data showing relative peak intensities 
corresponding to interplanar d spacings of theophylline magnesium 
salicy Late. 


at 200 mglkg showed the expected salicylate (anti-inflammatory and 
antipyretic) effects of moderate duration (2-3 hr). 


RESULTS AND DISCUSSION 


As indicated by the data in Table I, the precipitated product conformed 
most nearly to the pentahydrate. When 0.5-2.0 moles of magnesium sa- 
licylate was reacted with 1 mole of theophylline under similar conditions, 
the precipitated solids, after drying, showed analyses quite similar to 
those reported here, indicating that the insoluble product in each case 
was (1)2Mg(II)z.5HzO. The substance was a white, bitter, crystalline 
compound containing -48% theophylline, 40% magnesium salicylate, 
and 12% water of hydration. It had no definite melting point and was 
sparingly soluble in water (-2% at 25O) and in ethanol (-1% at  25O) .  
One-percent solutions were slightly acidic (pH 6). The dried product 
conformed to the formula (I)zBa(II)2 (Table 11). 


From the data in Table 111, the product made by this procedure can 
be approximated to be theophylline magnesium salicylate trihydrate, 
which is the magnesium analog of theophylline calcium salicylate dihy- 
drate. A 1% aqueous dispersion of this product had a pH of 8.4. This 
product does not appear to have been reported in the literature, and it 
has a different composition than the crystalline theophylline magnesium 
salicylate pentahydrate described earlier in this report. 


The known theophylline calcium salicylate was stated earlier as being 
composed of calcium theophylline [Ca(C7H,N40&] and calcium sali- 
cylate in molecular proportions, or it could be represented by the simple 


1 
A 
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B c D E 


Figure 5-Thermograms of theophylline (A), magnesium salicylate 
(B), theophylline magnesium salicylate (C), cooled melt of theophylline 
magnesium salicylate (D), and a 2:l molar mixture of theophylline and 
magnesium salicylate. 
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Table IV-Analysis of Commercial Theophylline Calcium 
Salicylate 


Calculated, % 
II)Ca(IIL . .  . , 


Found, % 2H20 (1)2Ca(II)2 


Theophylline (I) 43.9 45.66 53.27 
Salicylate (11) as salicylic acid 34.1 34.94 40.77 
Calcium 10.2 10.21 5.96 
Water (Karl Fischer method) 11.8 9.19 - - 
Total 100.0 100.00 100.00 


formula (C~H~NIO&~(CGH~OHCO~). To ascertain with certainty that 
this formula was correct for theophylline calcium salicylate, a commercial 
sample2 of this product was analyzed. The results are given in Table IV. 
These results confirm that theophylline calcium salicylate can be rep- 
resented by the formula (C~H~N~O~)C~(C~H~OHCO~).~HZO. 


From the foregoing experimental data, it is evident that theophylline 
magnesium salicylate pentahydrate is a crystalline compound that differs 
in composition from its calcium analog, theophylline calcium salicylate 
dihydrate. Moreover, theophylline magnesium salicylate shows a slightly 
acidic reaction in water, in contrast to the alkaline character of the 
theophylline and theobromine calcium salicylates and to many of the 
so-called double salts derived from the reaction of these xanthines with 
metal salts of organic acids. While the alkali metal salts of salicylic acid 
usually combine with the xanthines to yield water-soluble complexes, 
the alkaline earth metal salicylates usually yield insoluble complexes. 
However, calcium and strontium salicylates did not yield precipitates 
with theophylline under the present experimental conditions, whereas 
magnesium and barium salicylates produced theophylline derivatives 
with similar compositions. 


A French patent (11) disclosed the preparation of a double salt of 
theophylline with barium salicylate for which the formula 
( C ~ H ~ N ~ O ~ ) Z B ~ ( C ~ H ~ O ~ ) Z  or (I)ZBa(II)Z was given. According to the 
patent, this compound was made by dissolving theophylline in an aqueous 
solution of barium salicylate, filtering, and then evaporating the filtrate 
to dryness in uacuo. The resulting compound was said to be easily soluble 
in water. From the present experiments using barium salicylate and 


Table V-X-Ray Diffraction Patterns for a 2 1  Molar Ratio 
Mixture of Theophylline and Magnesium Salicylate (A) and 
Theophylline Magnesium Salicylate (B) 


7.14’ 12.3803 23 10.89’ 3.1241 100 
7.57’ 11.6780 96 11.83’ 7.4806 8 


12.57’ 7.0418 100 12.55’ 7.0530 11 
13-47’ 6.5733 17 13.52’ 6.5491 43 _ _  . - - _ _  
14.32’ 6.1849 i7  i5.250 5.8098 95 
15.27’ 5.8022 5 16.52” 5.3659 24 
17.19’ 5.1582 34 19.79’ 4.4860 11 
20.28” 4.3787 34 25.25’ 3.5270 27 
24.12’ 3.6896 13 25.92’ 3.4373 97 . ~~~~ ~~ ~~ _ _  
25.54’ 3.4876 18 26.97’ 3.3058 19 
26.39’ 3.3772 10 28.12’ 3.1732 24 
28.85” 3.0945 32 29.02’ 3.0768 27 


theophylline, the resultant product readily precipitated from the aqueous 
solution of the reactants, and it was only sparingly soluble in water. 
Analysis of the product showed it to conform to the formula (1)2Ba(II)2 
(Table V). Although the French patent assigned this formula to their 
product, the inventors had to resort to evaporation in URCUO to obtain 
it. Moreover, the same patent assigned the formula (C8HmN402)- 
Ba(C,H50& or (caffeine)Ba(salicylate)z to the double salt of caffeine 
and barium salicylate (prepared in similar fashion as the theophylline 
double salt). Since analyses were not given in this patent for either the 
theophylline or caffeine barium salicylates, it is not clear how the in- 
ventors arrived at  their formulas. 


The diversity of opinion concerning the nature of the interaction of 
xanthines with the metal salts of organic acids, variously referred to as 
double salts, mixtures, or complexes, has long been recognized (12). The 
complexation of salicylic acid and its sodium salt with caffeine (13,14), 
theobromine (13), and theophylline (15,16) has been studied extensively, 
and a good review of the literature on caffeine complexation was given 
by Stamm (17) in 1969. The relative roles of such factors as hydrophobic 
binding, hydrogen bonding, and donor-acceptor forces were considered 
in these publications. The factors involved in the formation of theo- 
phylline magnesium salicylate await further exploration. 


REFERENCES 


(1) R. Eder, J. Buchi, H. Fluck, and H. Kasermann, “Kommentar 
zur Pharmacopoeia Helvetica,” Editio Quinta, Selbstverlag Des Schweiz, 
Apotheker-yereins, Zurich, Switzerland, 1947, p. 823. 


(2) “Pharmacopoeia Helvetica,” Editio Quinta, Eidgenossische 
Drucksacken und Material Zentrale, Bern, Switzerland, 1953, p. 1010. 


(3) U.S. pat. 1,547,698 (1925). 
(4) British pat. 241,266 (1925). 
(5) German pat. 835,146 (1949). See also Ref. 2, p. 1017. 
(6) “The Merck Index,” 9th ed., Merck & Co., Rahway, N.J., 1976, 


(7) Ibid., pp. 8998,9006. 
(8) “Remington’s Practice of Pharmacy,” 12th ed., Mack Publishing 


Co., Easton, Pa., 1961, p. 1106. 
(9) “Husa’s Pharmaceutical Dispensing,” 5th ed., E. W. Martin, Ed., 


Mack Publishing Co., Easton, Pa., 1959, pp. 462,463. 
(10) L. 0. Randall and J. J. Selitto, Arch. Int. Pharrnacodyn. Ther., 


111,409 (1957). 
(11) French pat. 360,909 (1925). 
(12) “United States Dispensatory,” 24th ed., A. Osol and G. Farrar, 


(13) M. Blake and L. Harris, J. Am. Pharrn. Assoc., Sci. Ed., 41,521, 


(14) T. Higuchi and D. Zuck, ibid., 42,138 (1953). 
(15) T. Higuchi and A. Drubulis, J .  Pharrn. Sci., 50,905 (1961). 
(16) T. Higuchi and F. Pisano, ibid., 53,644 (1964). 
(17) H. Stamm, Arch. Pharrn., 302,174 (1969). 


p. 9006. 


Eds., Lippincott, Philadelphia, Pa., 1947, p. 1206. 


524,527 (1952). 


ACKNOWLEDGMENTS 


Presented at  the Basic Pharmaceutics Section, APhA Academy of 
Pharmaceutical Sciences, Hollywood, Fla. meeting, November 1978. 


The authors thank Dr. P. K. Bhattacharyya for the IR spectrograms, 
D. Stewart for the X-ray diffraction data, and M. Sarli for the preparation 
of the figures. 


Journal of Pharmaceutical Sciences I 207 
Vol. 70, No. 2, February 1981 








1. The microcapsules can be used as individual microculture flasks, 
making it easier to handle and manipulate culture cells, especially when 
they are used as an investigative tool in the study of cell metabolism and 
regulation and the dynamics of hormone action and production. 


2. The immediate cell environment can be made more similar to solid 
tissue density and biochemical characteristics and, therefore, more 
physiological and natural. 


3. In  uiuo and in uitro sterile conditions are easier to maintain since 
bacterial and viral cells cannot cross the capsular membrane. 


4. When microencapsulated cells or tissues are used as injectable 
prostheses or implantable (or ex uiuo) artificial organs, it should be 
possible to specify the capsular membrane’s permeability range to suit 
a particular use such as prevention of immune rejection or toxin re- 
moval. 


Specifically, the microencapsulated islet appears to have great potential 
as a better and simpler implantable and, possibly, physiologically dis- 
posable artificial pancreatic endocrine organ for the treatment of dia- 
betes. Preliminary animal studies have begun to give encouraging re- 
sults. 
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Abstract D Poly(N“,N‘-L-lysinediylterephthaloyl) capsules containing 
hemolysate were prepared in the nanometer range by an interfacial 
polymerization technique using electrocapillary emulsification to obtain 
very fine hemolysate droplets for encapsulation. The effects of temper- 
ature, emulsifier concentration, and the applied potential on the size 
distribution of the polyamide capsules were investigated. The polyamide 
capsules prepared under proper conditions have an average diameter of 
-500 nm. 


Keyphrases Poly(Na,Nf-L-lysinediylterephthaloyl) microcap- 
sules-containing hemolysate, prepared by interfacial polymerization 
using electrocapillary emulsification II Electrocapillary emulsifica- 
tion-synthesis of poly(N“,N‘-L-tysinediylterephthaloyl) microcapsules 
containing hemolysate, effect of temperature, emulsifier concentration, 
and applied potential on polyamide capsule-size distribution Mi- 
croencapsulation-symposium, preparation of nanograde-sized poly- 
amide microcapsules containing hemolysate, effect of temperature, 
emulsifier concentration, and applied potential on capsule-size distri- 
bution 


Previous studies on poly(NcY,NE-L-lysinediyltere- 
phthaloyl) microcapsules containing hemolysate were 
carried out with the aim of using them as artificial red 
blood cells (1-3). Most of the encapsulated hemoglobin 
molecules retained their oxygen absorbability while cat- 
alase and carbonic anhydrase lost some of their enzymatic 
activities during encapsulation; suspensions of the mi- 
crocapsules exhibited flow properties similar to those of 
blood unless the capsule concentration exceeded 30% by 
volume. Because of their relatively large size (mean di- 
ameter of 10 pm) and low deformability in shear flows, the 
microcapsules were not expected to pass through capillary 
blood vessels. Thus, an attempt was made to prepare much 


smaller capsules loaded with hemolysate that could pass 
through capillary blood vessels. 


When a potential difference that is higher than a critical 
value, the critical voltage of emulsification, is applied to 
an oil-water interface, the interfacial tension is reduced 
almost to zero and spontaneous emulsification occurs, due 
to the interfacial fluctuation, in the absence of surfactant 
or in the presence of a very small amount (4, 5). The 
emulsions thus formed are monodisperse and stable, with 
the average particle diameter being <200 nm. The neces- 
sary condition for this electrocapillary emulsification is 
that the ionic strength, and hence the reciprocal double- 
layer thickness, of the inner phase be higher than that of 
the outer phase. Because of the difficulty in obtaining 
hemolysate droplets of <1 pm by conventional mechanical 
emulsification processes, the electrocapillary emulsifica- 
tion technique seems to be promising. 


The present paper describes the preparation of 
poly(N”,N‘-L-lysinediylterephthaloyl) capsules in the 
nanometer range containing sheep hemolysate by inter- 
facial polymerization using electrocapillary emulsification 
to obtain very fine hemolysate droplets for encapsulation. 
Factors influencing the capsule size also are described. In 
addition, the effect of the applied potential on the enzy- 
matic activities of catalase and carbonic anhydrase in the 
hemolysate droplets is reported. 


EXPERIMENTAL 


Apparatus for  Electrocapillary Emulsification-Figure 1 shows 
the schematic diagram of the apparatus used for electrocapillary emul- 
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u 
Figure 1-Schematic diagram of the apparatus for electrocapillary 
emulsification. 


sification. The aqueous phase (A) in a syringe (D) was introduced into 
the oil phase (B) by driving a motor through a needle (E), which also was 
used as an electrode. This electrode and a platinum electrode (C) in the 
oil phase were connected to a variable dc supply (F), the potential of 
which is measured by a voltmeter (V). The container of the oil phase was 
surrounded by ice (low temperature) or water (room temperature), and 
the content was stirred continuously by a magnetic stirrer (G). 


Preparation of Hemolysate-Loaded Polyamide Capsules-The 
aqueous phase to be encapsulated contained sheep hemolysate (-10% 
as hemoglobin), 0.4 M L-lysine, and 0.45 M sodium carbonate. The oil 
phase consisted of three volumes of cyclohexane and one volume of 
chloroform in which terephthaloyl dichloride, tetraethylammonium 
chloride, and sorbitan trioleate were dissolved. The concentration of 
terephthaloyl dichloride was 0.04 M. The quaternary ammonium salt 
gave electroconductivity to the oil phase, and its concentration was 1.5 
x 10-4 M. 
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Figure 2-Effect of aqueous phase addition rate on the size distribution 
of polyamide capsules. Key: 0,0.003 mllmin; A, 0.015 mllmin; and 0, 
0.10 mlfmin. 
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Figure 3-Effect of emulsifier concentration on the size distribution 
of polyamide capsules. Key: 0, 3% (vfu); A, 5% (ulu); and 0, 10% 
(ufu). 


The aqueous phase (1 ml) was introduced through the needle to 50 ml 
of the oil phase in a beaker. The addition waa made at a constant rate 
under the influence of an applied potential between the electrodes, which 
were separated by -5 mm. The oil phase was gently stirred during the 
addition. Since the applied potential was always above a critical value, 
spontaneous emulsification occurred and a shower of fine hemolysate 
droplets was formed. The applied potential was positive on the aqueous 
phase side with respect to the oil phase throughout this work. 


On the surface of each droplet, polycondensation took place between 
L-lysine and terephthaloyl dichloride to form a poly(N","'-L-lysinedi- 
ylterephthaloyl) membrane. The hydrogen chloride formed as a reaction 
by-product was neutralized immediately by the alkali in the aqueous 
phase. The polyamide capsules thus formed were centrifuged at  lo00 rpm 
for 3 min. The separated capsules were dispersed in water with the aid 
of poly(oxyethy1ene) sorbitan monolaurate, a dispersing agent. 


Capsule-Size Measurement-A portion of the aqueous capsule 
dispersion diluted with distilled water was withdrawn and placed on a 
hemocytometer and photographed under an optical microscope. In some 
cases, the capsule size also was measured by an electronic particle 
counter' or a scanning electron microscope. 


Enzyme Activity Measurement-Catalase activity in the sheep 
hemolysate droplets dispersed in the organic phase was estimated by 
determining by means of iodometry a t  4 O  and pH 7.4 the amount of hy- 
drogen peroxide decomposed by the enzyme in the hemolysate supernate 
obtained after centrifuging the dispersion. 


Similarly, the enzymatic activity of carbonic anhydrase in the hemo- 
lysate supernate was estimated by measuring the change in pH as a 
function of time in the presence of a large excess of carbon dioxide at  4' 
after breaking down the dispersion. 


RESULTS 
Capsule-Size Distribution-As the rate of addition of the aqueous 


phase increased, the capsule-size distribution curve widened and the 
relative frequency of large capsules increased. Figure 2 shows the size 
distribution curves of the polyamide capsules prepared under a constant 
applied potential (1000 v), a fixed emulsifier concentration (5%), and 
different rates of addition of the aqueous phase into the oil phase. 


An increase in the emulsifier concentration made the capsule-size 
distribution slightly narrower and sharper if the emulsifier concentration 
was higher than 1%, the minimum value needed for continuous emulsi- 
fication to occur. Figure 3 shows the effect of the emulsifier concentration 
on the size distribution of the polyamide capsules prepared at an applied 
potential of lo00 v and a rate of aqueous phase addition of 0.015 ml/ 
min. 


Coulter counter, Coulter Industrial Sales, Elmhurst, Ill. 
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Figure 4-Effect of applied potential on the size distribution of poly- 
amide capsules. Key: 0 ,200  u; A, 500 u; and 0,1000 u. 


No significant effect of applied potential on the size distribution was 
observed provided that the potentialwas higher than the critical voltage 
of emulsification, which was <ZOO v for the system studied in this work 
(Fig. 4). The emulsifier concentration and the rate of addition of the 
aqueous phase were fixed at 5% and 0.015 ml/min, respectively. 


The capsule-size distribution was affected favorably by increasing 
temperature. Capsules prepared at high temperature had a narrower and 
sharper size distribution than those prepared at  low temperature. Figure 
5 shows the size distribution curves of the capsules prepared at  different 
temperatures using a 5% emulsifier concentration, a 1ooO-v applied po- 
tential, and a O.Ol5-ml/min rate of addition. 


Enzymatic Activity-Since low concentrations of sorbitan trioleate 
did not prevent catalase and carbonic anhydrase in the hemolysate from 
losing enzymatic activity, the emulsifier in eledrocapillary emulsification 
was used at  5 1 ,  which was high enough to minimize reduction in the ac- 
tivities caused by contact with the organic solvent. 


With increasing applied potential, the enzymatic activity of catalase 
in the hemolysate initially decreased and then leveled off (Fig. 6). Similar 
results were obtained with carbonic anhydrase in the hemolysate droplets 
(Fig. 7). 


Enzymatic activities of encapsulated catalase and carbonic anhydrase 
were kept at -60% of the original values (immediately after encapsula- 
tion) after 40 days of storage in a refrigerator. 


Figure 5-Effect of temperature on the size distribution of polyamide 
capsules. Key: 0 , 2 O ;  A, 20'; and 0,  40'. 
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Figure 6-Effect of applied potential on catalase activity in hemo- 
lysate. 


DISCUSSION 


An increase in the addition rate of the hemolysate probably increases 
the drop size and the drop formation rate due to gravity acting on the 
drops being formed at the tip of the needle. This result causes incomplete 
electrocapillary emulsification, which leads to capsules with a broad size 
distribution. Consequently, to obtain capsules with a narrow size dis- 
tribution and a small mean diameter, the rate a t  which hemolysate is 
introduced into the oil phase should be lower than a certain definite 
value. 


In general, the emulsifier concentration is important in preparing an 
emulsion with a narrow and sharp size distribution. However, the role 
of emulsifier in this case is to prevent coalescence of primary hemolysate 
droplets formed in electrocapillary emulsification, rather than allowing 
the aqueous phase to disperse easily as fine droplets into the oil phase, 
since the interfacial tension is almost zero due to the applied potential. 
Therefore, the emulsifier concentration should only be enough to cover 
the surface of the primary droplets. 


Since the interfacial tension between the hemolysate and the organic 
phase is lowered almost to zero by an applied potential that is higher than 
the critical voltage of emulsification in the presence of a small amount 
of emulsifier, there is no significant effect of the applied potential on the 
size distribution when the potential is increased beyond the critical 
value. 


Several factors are affected by temperature change. The interfacial 
fluctuation increases as the temperature rises, which leads to formation 
of hemolysate droplets of smaller size a t  high temperature than those 
obtained at low temperature. However, this effect will not be significant 
if a sufficiently high potential is applied to the interface and a small 
amount of emulsifier is present. 


The rise in temperature also decreases the viscosity of the oil phase, 
suggesting that hemolysate droplets coalesce to form larger drops through 
collision of the primary droplets. This effect is countered by the formation 
of a polymer membrane on the surface of the primary droplets. The rate 
of polymer formation is dependent on the temperature and transfer of 
water-soluble reactant into the oil phase from the aqueous phase. These 
factors can affect the capsule size to a considerable extent (6). 


Transfer of L-lysine is affected by the emulsifier concentration in the 
oil phase and temperature (Fig. 8). At a fixed concentration of sorbitan 
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Figure 7-Effect of applied potential on carbonic anhydrase activity 
in hemolysate. 
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Figure 8-Transfer of L-lysine into the oil phase from the aqueous 
phase as a function of temperature and emulsifier concentration. Key: 
0, 20°, 800 u; A, 20°, 1000 u; 0, Z O O ,  1000 u, stirred; and X, 2”, 1000 u. 


EMULSIFIER CONCENTRATION, % (v/v) 


trioleate, transfer of the amino acid is more noticeable at low temperature 
than at  high temperature. However, since the amino acid concentration 
in the oil phase is determined a few minutes after the completion of 
emulsification, only cumulative values of the amino acid concentration 
are given in the the figure. In other words, no useful information is ob- 
tained from these data on the rate of transfer of the amino acid in a very 
short period, which presumably will be high at high temperature. In ad- 
dition, the rate of polycondensation also wil l  be high at high temperature. 
Therefore, it is not unreasonable to expect that the capsule-size distri- 
bution becomes narrower and sharper as temperature rises if a small 
amount of emulsifier is present to promote the amino acid transfer. 


Based on the previous discussion, hemolysate-loaded polyamide 
capsules with an average diameter of -500 nm can be prepared. Figure 
9 gives an example of a scanning electron micrograph of the capsules. 


Figure 9-Scanning electron micrograph of polyamide capsules. 


Application of electric potential to the interface between the aqueous 
and oil phases causes an oriented adsorption of the enzymes at the in- 
terface. The adsorption should increase the chance for the enzymes to 
contact the organic solvent and lose their activities (7). 
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Abstract The synthesis of [4-14C]theophylline is presented with the 
radiolabel introduced in the first step of the procedure. The label is 
carried stoichiometrically to theophylline, and yields are satisfactory. 
The position of the label a t  position 4 of the purine ring is attractive for 
discerning metabolic pathways of the drug. 


Keyphrases 0 Theophylline, radiolabeled-synthesis 0 Radiolabeled 
compounds--[4-~4C]theophylline, synthesis 0 Antiasthmatics-syn- 
thesis of [4-14C]theophylline 


Theophylline (3,7-dihydro-l,3-dimethyl-lH-purine- 
2,6-dione), used to alleviate symptoms of bronchial asth- 
ma, has been a popular drug for metabolic and phar- 
macokinetic studies (1-7). Problems inherent in deter- 
mining its metabolic profile are compounded by the fact 
that other commonly ingested methylxanthines form 
metabolites in common with theophylline. In addition, 
some metabolites are similar to endogenous compounds. 


The best method of distinguishing the metabolites of 
theophylline from those of its analogs or from other com- 
pounds is to insert a radiolabel in the purine ring. Theo- 
phylline synthesis has been accomplished (%lo), and a 
general method (8) was used (6) in [8-l4C]theophy1line 
synthesis. This procedure calls for the insertion of the ra- 
diolabel during the last step of synthesis by adding 
[l*C]forrnic acid in excess to 1,3-dimethyl-4,5-diami- 
nouracil. The reaction is stoichiometric with respect to the 
latter compound and results in yields of -7.5% with respect 
to the label. 


A high-yield synthetic procedure (Scheme I) was de- 
veloped to introduce the carbon 14 label stoichiometrically 
to maintain a desired specific activity during synthesis and 
to avoid loss of the expensive 14C-labeled intermediate. 


EXPERIMENTAL 


Materials-The following reagent grade materials were used as sup- 
plied: chloroacetic acid, sodium carbonate, sodium cyanide, hydrochloric 
acid, ethanol, 1,3-dimethylurea, acetic anhydride, acetic acid, sodium 
nitrite, zinc dust, 90% formic acid, and sodium hydroxide. Sodium 
[14C]cyanide1 (54 mCi/mmole) was diluted with sodium cyanide to give 
a starting material with a specific activity of 0.72 mCi/mmole. 


[14C]Cyanoacetic Acid (11) (1 1)-A solution of 0.370 g of chloroacetic 
acid (I) in 0.6 ml of water a t  50' was slowly made alkaline with 0.222 g 
of sodium carbonate. To the stirred solution at 0' was added dropwise 
0.204 g of sodium [I4C]cyanide in 0.7 ml of ice water, keeping the tem- 
perature low. The clear solution was brought to room temperature for 
30 min, heated to boiling for 5 min, cooled in an ice bath for 30 min, and 
slowly acidified with 0.47 ml of concentrated hydrochloric acid. 


The clear solution was placed in a desiccator under vacuum until dry, 
and then the crystalline residue was taken up in 95% ethanol. The sodium 
chloride byproduct was removed by centrifugation and washed with 
several portions of alcohol. The combined alcoholic solutions were 
evaporated at  45' under reduced pressure, leaving a clear viscous con- 
centrate of cyanoacetic acid (11) in alcohol. This material was stored in 
a desiccator until the last of the alcohol had evaDorated and the Droduct 
had crystallized. 
[4-"C]-l~-Dimethyl-4-arnino-2,6-pyrimidinedione (IV) (12)-To 


Sodium [14CCJcyanide, International Chemical and Nuclear Corp. 
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Scheme I-Synthesis of [4- 14Cltheophylline. 


the cyanoacetic acid (11) were added 0.352 g of 1,3-dimethylurea (III), 
0.82 ml of acetic anhydride, and 1 ml of acetic acid, and the mixture was 
heated a t  60' for 3 hr. The clear solution became slightly orange. The 
acetic acid and excess anhydride then were removed as well as possible 
under reduced pressure without raising the temperature, leaving a 
burnt-orange viscous residue. This residue was dissolved in 8 ml of water 
and made alkaline by the slow addition of sodium carbonate and boiling 
for 2 hr. On cooling, a pale-yellow crystalline precipitate was formed. The 
yield was 0.375 g or 58% based on sodium cyanide. 
[4-14C]-1,3-Dimethyl-4-amino-5-nitroso-2,6-pyrimidinedione (V) 


(9,10,13)-The dried compound (IV) was dissolved in 8 ml of hot water, 
and 0.2 g of sodium nitrite was added with stirring. A mixture of 0.85 ml 
of acetic acid, 0.86 ml of water, and 2.6 g of ice was added in small portions 
with stirring. The solution turned deep red, and tiny dark-red crystals 
appeared. The solution was left in the refrigerator overnight to allow the 
complete precipitation of crystalline product. The product then was fil- 
tered out and dried in a desiccator. The yield was 0.420 g or 55% with 
respect to sodium cyanide. 
[4-'4C]~1f-Dimethyl-4-amino-5-formamido-2,6-pyrimidin~ione 


(VI) (10, 14)-The nitrosated compound (V) was mixed with 0.36 g of 
zinc dust and placed in a 100-ml round-bottom flask equipped with a 
reflux condenser. Five milliliters of 90% formic acid was added to the 
mixture, and the apparatus was swirled continuously as the mixture 
heated spontaneously. The solution changed from oxblood to yellow over 
several minutes. The solution then was heated at  60' for 1.5 hr while 2 
ml of acetic anhydride was added slowly. Finally, the mixture was cooled, 
the zinc formate was removed by filtration, and the clear yellow filtrate 
was dried under reduced pressure at  60°, leaving a solid residue with a 
yellow-white color. The residue was stored in a desiccator until completely 
dry. 


[4-14C]Theophylline (VII) (10)-Compound VI was dissolved in 4.5 
ml of boiling water, and 0.36 ml of 40% NaOH was added dropwise with 
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vigorous stirring. The solution was heated for 10 min, at  which time an- 
other 0.36 ml of 40% NaOH was added. Finally, 50% acetic acid was added 
in sufficient quantity to give a weak acid reaction. Pale-yellow crystals 
of theophylline precipitated on cooling. The yield was 0.370 g or 49% with 
respect to sodium cyanide. The crude theophylline was dissolved in a 
10-fold quantity of boiling water, charcoal was added, and the hot solution 
was filtered. On cooling, white crystals of theophylline were formed. 


RESULTS AND DISCUSSION 


A solution of [4-14C]theophylline was prepared by dissolving 15.45 mg 
in sufficient deuterated dimethyl sulfoxide to make 1 ml, and an NMR2 
spectrum was taken with tetramethylsilane as an internal standard. I t  
was identical to the spectrum of a commercial theophylline powder3. 
Furthermore, a methanolic solution of the synthesized compound was 
spotted on a silica gel plate and developed in chloroform-methanol (9:l) 
(15) along with a sample of commercial theophylline powder on the same 
plate. UV spectrodensitometry4 at  274 nm showed the synthesized and 
commercial products to have identical Rf values of 0.47; no other UV- 
absorbing compounds were detected. Scanning the plate with a radi- 
ochromatogram scannel5 showed no measurable radioactivity except that 
associated with the theophylline peak. Two 0.02-ml samples of the ra- 
diolabeled product solution in deuterated dimethyl sulfoxide were 
counted by scintillation spectrometrf, and the specific activity was 
calculated to be 0.69 mCi/mmole. 


The introduction of a radiolabel within the purine ring of theophylline 
is desirable and advantageous in metabolism studies. The described 
synthesis gives a high yield based on the isotope and is stoichiometric as 
shown by the calculated and resultant specific activities of the 
product. 


* Jeolco C-GOHL. 


4 Vis-UV-2, Farrand Optical Co. 
Sigma Chemical Co. 


Model 7201, Packard Instrument Co. 
Model 3320, Packard Instrument Co. 
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Abstract 0 Protein microspheres and microcapsules containing fine 
hydrophilic particles (spherical silica gel beads, iron hydrous oxide- 
modified nylon 12, or phenacetin) were prepared by using water-soluble 
egg albumin, which is heat-coagulable at 50-80". The size and size dis- 
tribution of the microspheres and microcapsules formed and the mi- 
croencapsulation percentage of fine particles were determined, and the 
factors affecting them were studied. Favorable conditions are suggested 
to obtain phenacetin-containing microcapsules in high yield. 


Keyphrases Albumin, egg-preparation of microcapsules and mi- 
crospheres containing fine hydrophilic particles of silica gel beads, iron 
hydrous oxide-modified nylon 12, and phenacetin, heat coagulation 
method 0 Silica gel, spherical beads-preparation of microcapsules and 
microspheres of silica gel beads using egg albumin, heat coagulation 
method 0 Phenacetin-preparation of microcapsules and microspheres 
of phenacetin using egg albumin, heat coagulation method 0 Microen- 
capsulation-symposium, preparation of microcapsules and microspheres 
containing fine hydrophilic particles of silica gel beads, modified nylon 
12, and phenacetin using water-soluble egg albumin, heat coagulation 
method, evaluation of factors affecting size, size distribution, and percent 
of microencapsulated particles 


Interest in the application of microcapsules to many 
industrial fields is increasing, and application to the 
modification of drugs has been studied, but many prob- 
lems remain. Nixon and Walker (1) reported the release 
of sulfadiazine from microcapsules prepared by simple 
gelatin coacervation, and Luzzi et al. ( 2 )  investigated the 
prolonged release of nylon microcapsules prepared by 
emulsion polymerization. Zolle et al. ( 3 )  prepared radio- 
labeled albumin microspheres to study blood circulation 
in humans and animals. 


Sugibayashi et al. (4) studied the drug-carrier property 
of albumin microspheres in chemotherapy and the prep- 
aration and tissue distribution of microsphere-entrapped 
[6-3H]f lu~r~~rac i l  in mice. Kramer (5) investigated albu- 
min microspheres containing an anticancer agent as ve- 
hicles for achieving specificity in drug delivery. 


Widder et al. (6) reported the preparation and charac- 
terization of a novel delivery system for water-soluble 
drugs. The system consisted of albumin microspheres 
(average of 1 pm in diameter) containing ultrafine mag- 
netic particles, magnetite (ferrosoferric oxide), and a 
prototype drug, doxorubicin hydrochloride. 


This paper reports the microencapsulation of fine hy- 
drophilic particles and drug using a metabolizable protein, 
albumin, as the membrane material. 


EXPERIMENTAL 


Materials-Isooctane, dibasic potassium phosphate, monobasic so- 
dium phosphate dodecahydrate, acetic acid, and sodium acetate were 
reagent grade. Phenacetin JP' (p-acetophenetidide) was ground with 
an agate mortar and then classified with stainless steel sieves. Powder, 
250-300 mesh (specific gravity 1.275), was used for microencapsula- 
tion. 


Egg albumin2 was used following some purification. Albumin was 
dissolved in pH 8.0,O.l N KHZP04-0.1 N NaZHP04 (1:16 v/v). The so- 


' Hoei Pharmaceutical Co., Tokyo, Japan 
T~rkyii Kasei Kogyo Co., Tokyo, Japan. 


lution was filtered3 after centrifugation at  16,OOOXg for 30 min to remove 
undissolved material, and the solution concentrations were -5,10, and 
20% (w/w). 


Spherical porous silica gel beads4 [Brunauer, Emmett, and Teller 
(BET) specific surface area, 420 m2/g; mean pore size, 80 A; specific 
gravity, 2.127; and mean diameter, 52.5 & 12.7 pm] and nylon 12 spheress 
(BET specific surface area, 1.0 m2/g; specific gravity, 1.02; and mean 
diameter, 3 pm) modified with iron hydrous oxide also were used as core 
materials. Iron hydrous oxide (iron hydrosol) was used to modify the 
surface of the nylon 12 spheres to enhance their wettability by aqueous 
albumin solution. Iron hydrous oxide settles from solution onto such 
hydrophobic surfaces as those of polyethylene, polytef, and paraffin, 
rendering the surfaces hydrophilic (7). Once deposited and dried, these 
colloid particles have a high degree of adherence to the substrate sur- 
face. 


Preparation of Iron Hydrous Oxide Solution-Twenty-five milli- 
liters of an aqueous 10% (w/w) ferric chloride solution was added to 200 
ml of boiling water, and boiling was continued for 3 min. After cooling 
to room temperature, the solution was treated with 40 ml of an anion- 
exchange resine and stirred for 5 min. The iron hydrous oxide solution 
obtained was used for surface modification of nylon 12 spheres. 


Preparation of Microcapsules and Microepheres-Albumin mi- 
crocapsules and microspheres were prepared by a modification of the 
method used by Farhadieh (8). 


To 100 ml of isooctane containing 0.1,0.5,1.0, or 5.0% (v/v) sorbitan 
trioleate as an emulsifier in a three-necked flask was added, with stirring, 
15 ml of 5,10, or 20% (w/w) egg albumin solution or the albumin solution 
containing solid powders [silica gel beads (1.063,2.126, or 3.190 g)], iron 
hydrous oxide-modified nylon 12 (2.250 g), and phenacetin (1.912,2.854, 
or 3.825 g) as the core materials. After 10 min with continuous stirring, 
the flask was immersed in a water bath at 50' for 5 min and then at  
75-85" for 10 min to denature the egg albumin. The resultant dispersion 
was cooled to room temperature. 


The particles separated by decantation were mixed with 100 ml of 
isooctane, and this mixture was agitated gently for 1 hr. The separated 
particles again were dispersed into 10 ml of pH 4.7 acetate buffer solution, 
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PARTICLE DIAMETER, pm 
Figure 1-Effect of sorbitan trioleate concentration on size distribution 
fJf albumin microspheres dispersed in isooctane. The albumin concen- 
tration was 10% (wlw) at a speed settingof 512rpm. 


No. 7 paper filter, Toyo Roshi Kaisha, Tnky~, Japan. 
latrobeads, Iatron Laboratories, Tokyo, Japan. 
'I'oyo Rayon Co., Tokyo, Japan. 
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Figure 2-Effect of sorbitan trioleate concentration on size distribution 
of albumin microspheres dispersed in 2.0% ( o h )  polyoxyethylene sor- 
bitan monolaurate solution. The albumin concentration was 10% (w/w) 
at a speed setting of 512 rpm. 


consisting of 0.1 N acetic acid-0.1 N sodium acetate (1:l v/v) and 10% 
(vlv) polyoxyethylene sorbitan monolaurate, with vigorous agitation. 
Then the dispersion was diluted with the same buffer solution to make 
the concentration of polyoxyethylene sorbitan monolaurate 2.0% 
(vlv). 


The total numbers of microcapsules and microspheres ranging from 
1000 to 2500 were measured by projecting their photomicrographs on a 
screen. Size measurements were performed in isooctane and then in 2.0% 
(vlv) polyoxyethylene sorbitan monolaurate solution after treating the 
capsules with acetate buffer. Each film strip was projected onto a large 
section of paper by a slide projector', and the enlarged images of the 
microcapsules and microspheres were measured to the nearest 1.0 pm. 
The scales in the micrometer were used for calibration. If the contour of 
projected images was of a complex or indistinct shape, these images were 
not measured. Then calculations were made on the mean length diameter, 
size distribution, and standard deviation. 


Measurements of Viscosity and Interfacial Tension-Relative 


Figure 3-Photomicrograph of albumin microspheres in isooctane. 


Color Cabin, Cabin Industry Co., Tokyo, Japan. 
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Figure 4-Effect of sorbitan trioleate concentration on the mean di- 
ameter of albumin microspheres dispersed in isooctane and in 2.0% 
(vlv) polyoxyethylene sorbitan monolaurate solution. The albumin 
concentration was 10% (w/w) at a speed setting of 512 rpm. 


viscosity of albumin solutions was measured at  25' with an Ubbelohde 
viscosimeter. The pendant drop method (9) was used for measuring the 
interfacial tension between albumin solution and 5.0% (v/v) sorbitan 
trioleate solution in isooctane (10). 


RESULTS AND DISCUSSION 


Size Distribution and Mean Size-The size distribution of the al- 
bumin microspheres was strongly affected by the sorbitan trioleate 
concentration, mechanical agitation, and albumin concentration in the 
first step of the preparation. 


Figures 1 and 2 show the effect of the sorbitan trioleate concentration 
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Figure 5-Effect of stirring speed on size distribution of albumin mi- 
crospheres dispersed in 2.0% (v/v) polyoxyethylene sorbitan mono- 
laurate solution. The albumin concentration was 10% (wlw), and the 
emulsifier was 1.0% (ulu) sorbitan trioleate. 
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Figure 6-Effect of albumin concentration on  size distribution of mi- 
crospheres dispersed in 2.0% (u/v) polyoxyethylene sorbitan mono- 
laurate solution. T h e  emulsifier was 1.0% (u/u) sorbitan trioleate at a 
speed setting of 512 rpm. 


Figure I-Photomicrograph of albumin microcapsules containing silica 
gel beads in isooctane. 


on the size distribution of the microspheres prepared from 10% (w/w) 
albumin solution at 512 rpm. The size distribution curve, obtained from 
the photographs taken in isooctane and in 2.0% (v/v) polyoxyethylene 
sorbitan monolaurate solution, distinctly shifted toward the lesser particle 
diameter with increasing sorbitan trioleate concentration up to 0.5%, 
above which no appreciable shift was observed. Typical albumin micro- 
spheres dispersed in isooctane are shown in Fig. 3. 


Figure 4 shows the relationship of the mean length diameter and its 
standard deviation of albumin microspheres prepared at  different sor- 
bitan trioleate concentrations. A decrease in the mean diameter was 
apparent with increasing sorbitan trioleate concentration. There are no 
observable differences in diameter between those measured in isooctane 
and in 2.01 (v/v) polyoxyethylene sorbitan monolaurate solution. The 
results indicate that albumin microspheres were formed tightly by heat 
denaturation and, thus, the spheres did not swell in the surfactant solu- 
tion. 


Figure 5 shows the size distributions of the microspheres in 2.0% (v/v) 
polyoxyethylene sorbitan monolaurate solution prepared at various 
stirring speeds. The size distribution curve clearly became narrower and 
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Figure 9-Size distribution of albumin microcapsules containing silica 
gel beads dispersed in isooctane. The  volume ratio of silica gel beads to 
albumin solution was 1:9, and the weight of beads was 3.190g. The  al- 
bumin concentration was 20% (w/w), and the emulsifier was 1.0% (ulv) 
sorbitan trioleate. The  speed setting was at 512 rpm. The  microspheres 
contained no silica gel beads. 


Figure 7-Scanning electron micrographs of albumin microcapsules 
containing phenacetin. 
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Fmre 10-Size distribution of albumin microcapsules containing silica 
gel beads dispersed in isooctane. The volume ratio of silica gel beads to 
albuminsolution was 1:14, and the weight of beads was 2.126g. The al- 
bumin concentration was 20% (wlw), and the emulsifier was 1.0% (vlv) 
sorbitan trioleate. The speed setting was a t  512 rpm. The microspheres 
contained no silica gel beads. 


sharper with increased stirring speed. Similar results were reported by 
Koishi et al. (11) on the size of polyphthalamide microcapsules prepared 
by the interfacial polycondensation method. The size distribution curve 
of albumin microspheres in 2.0% (v/v) polyoxyethylene sorbitan mono- 
laurate solution prepared using 5,10, and 20% (wlw) albumin solutions 
clearly became broader with increasing albumin concentration (Fig. 
6). 


These results indicate that the size distribution of the microspheres 
depends mainly on the size distribution of the droplets of albumin dis- 
persed in isooctane during preparation. The changes in the dispersed 
phase caused by an increase in albumin concentration, interfacial tension 
between dispersed phase (albumin solution) and dispersing medium 
(sorbitan trioleate solution in isooctane), and viscosity of albumin solution 
seem to influence the size distribution of the albumin droplets. The re- 
sults on the interfacial tension and relative viscosity of the albumin so- 
lution (Table I) show that the increase in viscosity of the dispersed phase 
is certainly a major influence on the size distribution. Albumin micro- 
spheres prepared using 20% (w/w) albumin solution (Fig. 6) had an un- 
symmetrical size distribution. Namely, subdivision of globules of 20% 
(wlw) albumin, dispersed in isooctane, into many smaller sizes is pre- 
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Figure 11-Size distribution of albumin microcapsules containing silica 
gel beads dispersed in isooctane. The volume ratio of silica gel beads to 
albumin solution was 1:14, and the weight of beads was 2.126~. The ai- 
bumin concentration was 20% (w/w), and the emulsifier was 1.0% (ulu) 
sorbitan trioleate. The speed setting was at  8 4  rpm. The microspheres 
contained no silica gel beads. 


Table I-Interfacial Tensions between Albumin Solutions and 
5.0% (v/P) Sorbitan Trioleate Solution in Isooctane and the 
Viscosities of Albumin Solutions 


Albumin, 
% (wlw) 


Relative 
Interfacial 
Tension0 


Relative 
Viscosity 


0 
5 
10 
20 


0.051 
0.024 
0.026 
0.027 


1.02 
1.43 
2.07 
5.00 


aThe ratio of the interfacial tension between two phases to the sur-  
face tension of water. 


vented by the large increase in the resistance to deformation of the 
globules brought about by high interfacial viscosity due to the high rel- 
ative viscosity of the protein solution (Table I). 


Microencapsulation of Powder Particles-Figure 7 show scan- 
ning-electron micrographs of the surface appearances of albumin mi- 


PARTICLE DIAMETER, pm 
Figure 12-Size distribution of albumin microcapsules containing silica 
gel beads dispersed in isooctane, prepared a t  the volume ratio of silica 
gel beads to albumin solution of 1:29, and the weight of beads was 1.063 
g. The albumin concentration was 20% (wlw), and the emulsifier was 
1.0% (vlv) sorbitan trioleate. The speed setting was at  512 rpm. The 
microspheres contained no silica gel beads. 


Figure 13-Photomicrograph of albumin microcapsules containing iron 
hydrous oxide-modified nylon 12 particles in isooctane. 
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Table 111-Mean Diameter (d) and Standard Deviation (6) of Microcapsules Containing Phenacetin, Prepared by Using 10% (w/w) 
Albumin and 5.0% (v/v) Sorbitan Trioleate at a Speed Setting of 512 rpm 


,In 2.0% v/v) Polyoxyethylene 
Weight of In Isooctane Sorbitan L onolaurate Solution 


Volume Phenacetin 
R a t i d  Used, g d ,  clm 6, ctm d ,  Icrn 6 ,  ccm P,b, % 


1 :9 
1:5.7 
1:4 


1.912 
2.854 
3.825 


50.4 
48.1 
57.7 


25.6 
25.8 
33.4 


59.3 
38.8 
53.1 


26.4 
19.1 
26.9 


100 
100 
100 


uphenacetin to albumin solution. b Microencapsulation percentage. 


Phenacetin /albumin 
+1:4  solution * 1 : 5.7 
e l :  9 n 


PARTICLE DIAMETER, pm 


Figure 16-Size distribution of albumin microcapsules containing 
phenacetin dispersed in isooctane, prepared at volume ratios of phen- 
acetin to albumin solution of 1:9, 1:5.7, and 1:4 (weight of nylon 12 was 
1.912,2.854, and 3.825 g ,  respectively). The albumin concentration was 
10% (wjw), and the emulsifier was 5.0% (ujv) sorbitan trioleate. The 
speed setting was at 512 rpm. 


in isooctane. Table I1 summarizes the mean diameter, standard deviation, 
and microencapsulation percentage (percentage of the number of mi- 
crocapsules containing beads and not containing beads). 


The mean diameters of albumin microcapsules containing silica gel 
beads were always about two times larger than those of the microcapsules 
containing no beads. The size distribution of the microcapsules containing 
silica gel beads shifted toward the larger particle diameter and broadened 
over a wide range as compared with that of the capsules containing no 
beads (Figs. 9-12). Broadening of the size distribution was caused by the 
size of silica gel beads (mean diameter of 52.5 f 12.7 pm) and the viscosity 
increase of the albumin solution containing beads. However, the number 
of beads in each microcapsule also depended on the factors described 
previously (Fig. 8). 


Typical microspheres and microcapsules containing iron hydrous 
oxide-modified nylon particles dispersed in isooctane are shown in Fig. 
13. The percentage of modified nylon particles that were microencap- 
sulated was -70%. 


Figure 14 shows the size distribution curves of the albumin micro- 
capsules containing modified nylon particles in isooctane and in 2.0% 
(v/v) polyoxyethylene sorbitan monolaurate solution. The mean diameter 
and its standard deviation of the microcapsules in isooctane were 13.3 
and 3.7 pm, respectively. Furthermore, the mean diameter was slightly 
larger for the microcapsules than for the microspheres (-10.0 pm). 


Microencapsulation of Phenacetin-Phenacetin particles, 49-63 
pm in diameter, were encapsulated. Typical albumin microcapsules 
containing phenacetin dispersed in isooctane are shown in Fig. 15. The 
size distribution of these albumin microcapsules prepared at three volume 
ratios of albumin solution to phenacetin is shown in Fig. 16. Table I11 
summarizes the mean diameter and its standard deviation of the albumin 
microcapsules. 


The mean diameter did not vary appreciably with the volume ratio of 
albumin to phenacetin, and the size distribution curves of the capsules 
were similar to each other. Furthermore, phenacetin was encapsulated 
completely in contrast with the silica gel beads, as seen from the P,  values 
in Table 111. The marked difference in the percentage of microencapsu- 
lation between silica gel beads having a high porous surface and crys- 
talline phenacetin are due to differences in: ( a )  the surface chemical 
properties such as hydrophilicity, porosity, surface area, and specific 
gravity, and ( b )  the adsorption amount of albumin or the adhesiveness 
of albumin thin film, formed by denaturation, onto the surface of solid 
particles. These problems will be discussed in a future paper. 
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Abstract A GLC procedure was developed for the evaluation of di- 
azepam, chlordiazepoxide, and flurazepam formulations to USP-NF 
specifications for drug content, content uniformity, impurities, and 
identity by retention times and peak areas. The polyimide column, in- 
strument zone temperatures, gas flows, internal standard solution, ex- 
traction solvent, and auxiliary equipment were the same for each drug. 
No derivatization of the samples was required. The GLC assay values 
(mean of 10 individual dosage units) for diazepam and flurazepam 
products were in good agreement with the results obtained by the phar- 
macopeial comp,osite assays. With chlordiazepoxide capsules, when the 
levels of the two pharmacopeial impurities determined by GLC were 
added to the GLC assay results (mean of lo), the aggregate values were 
consistent with the drug content results found by the nonspecific USP 
method. The procedure can be made sensitive to impurity levels of 
-0.01% for 2-amino-5-chlorobenzophenone and to -0.2% for 7-chloro- 
1,3-dihydro-5-phenyl-2H-1,4-benzodiazepin-2-one &oxide. With the 
equipment used, the estimated potential outputs in lots per working day 
for a complete quality profile (drug content, content uniformity, purity, 
and identity) were seven for chlordiazepoxide if n o  impurity test was 
required, five if such a test was required, eight for diazepam, and seven 
for flurazepam. 


Keyphrases o Benzodiazepines-routine quality evaluation for ad- 
herence to USP-NF specifications Diazepam-routine evaluation of 
content, uniformity, impurities, and identity by retention times and 
peak areas Chlordiazepoxide-routine evaluation of content, unifor- 
mity, impurities, and identity by retention times and peak areas 0 
Flurazepam-routine evaluation of content, uniformity, impurities, and 
identity by retention times and peak areas 0 GLC-routine evaluation 
of benzodiazepines 


Pharmacopeial test procedures for drug quality gener- 
ally tend to be tedious and time (money) consuming, and 
assay methods occasionally lack specificity. Even within 
the same chemical family of drugs, such methods some- 
times require different experimental techniques and ap- 
paratus. Compendial procedures, which are legal standards 
not necessarily designed for speed and efficiency, may not 
be compatible with the needs of control laboratories that 
must routinely perform identity, purity, content unifor- 
mity, and drug content tests on a large number of drug 
products. 


Most recently published GLC and high-pressure liquid 
chromatographic (HPLC) methods for benzodiazepines 
are concerned with their analysis in biological media only 
(1-10). New procedures reported for the determination of 
these drugs in pharmaceutical dosage forms include HPLC 
(11-13), fluorometry (14), and automated polarography 
(15). However, most of these methods are not suitable for 
moderate to large-scale drug quality screening pro- 
grams. 


This paper describes a semiautomated multifunctional 
GLC procedure for the evaluation of three benzodiazepine 
drugs (chlordiazepoxide, diazepam, and flurazepam) to 
USP-NF specifications (16,17) for drug content, content 
uniformity, impurities, and identity by retention times and 
peak areas. 


EXPERIMENTAL 


Material and Equipment-The following were used chlordia- 
zepoxide hydrochloride' (USP reference standard), 7-chloro-1,3-dihy- 
dro-5-phenyl-2H-1,4-benzodiazepin-2-one &oxide1 (11) (USP reference 
standard), 2-amino-5-chlorobenzophenone' (111) (USP reference stan- 
dard), diazepam' (USP reference standard), flurazepam hydrochloride' 
(NF reference standard), dicyclohexyl phthalate2 (95-99%), toluene3 
(ACS reagent grade, distilled in glass), sodium hydrogen carbonate4 
(analytical reagent), 1 N HCl, Acculute solution5, screw-capped tubes6 
(19 X 150 mm), variable-speed mechanical horizontal shaking apparatus', 
and a 3/4-h.p. centrifuge, 5000 rpm maximum8. 


Solutions-The internal standard solution was dicyclohexyl phthalate 
in toluene, accurately prepared to contain -0.25 mg/ml. The stock so- 
lution of I1 was accurately prepared in the internal standard solution to 
contain 4 . 2  mg/ml, and the stock solution of I11 was accurately prepared 
in the internal standard solution to contain 4 . 0 2  mg/ml. 


The diazepam stock solution was accurately prepared in the internal 
standard solution to contain 4 . 5  mg/ml. The sodium bicarbonate (so- 
dium hydrogen carbonate) solution was prepared in water to contain -5% 
(w/v). 


GLC System-The gas chromatographg (flame-ionization detector) 
was fitted with a coiled glass column, 0.91 m X 6 mm 0.d. (2 mm i.d.), 
firmly packed with 3% Poly 1-110 on Gas Chrom Q ' O  (80-100 mesh) and 
vibrated so that no cracks or deadspaces were evident. The column was 
conditioned overnight a t  250' with a nitrogen flow of 35 ml/min. Ex- 
perimental temperature conditions were: column, 250'; injector port, 
250'; and detector, 250°. The gas flows were: nitrogen, 29 ml/min; hy- 
drogen, 30 ml/min; and air, 300 ml/min. The maximum loads injected 
onto the column were -0.5 pg for chlordiazepoxide and diazepam and 
1.5 pg for flurazepam. 


The detector output signal was fed to a digital microprocessor, which 
automatically computed the required information in the preinstructed 
format. Appropriate slope sensitivity and attenuation settings were en- 
tered uia the keyboard terminal prior to analyses. 


Chlordiazepoxide Hydrochloride Analysis-Preparation and GLC 
of Chlordiazepoxide Calibration Solutions-For each dosage level (5, 
10, and 25 mghapsule), a corresponding standard solution containing 
a similar amount of drug was prepared daily as required. About 5,10, or 
25 mg of chlordiazepoxide hydrochloride was weighed accurately into 
a screw-capped tube. Distilled water (2 ml), sodium bicarbonate (2 ml), 
and the internal standard solution (20.0 ml) were added, the contents of 
the tube were mechanically shaken vigorously for 10 min, and the solution 
was centrifuged at  3000 rpm for 10 min. To prevent column overloading, 
the organic layer resulting from the extraction of the 25-mg calibration 
solution was diluted 2:5 with the internal standard solution. A portion 
of the final organic layer was transferred to a sample vial", which was 
capped1' immediately and placed in the sampling tray. About 1 pl of 
solution was injected in duplicate into the gas chromatograph. The run 
time was 10 min. 


GLC Analysis of Capsule Preparations for Content Uniformity-The 


USP-NF Reference Standards, Rockville, Md. * K & K Laboratories, Plainview, N.Y. 
3 Caledon Laboratories Ltd., Georgetown, Ontario, Canada. 


BDH Chemicals Ltd., Toronto, Ontario, Canada. 
5 Anacbemia Chemicals Ltd., Montreal, Quebec, Canada. 
0. H. Johns Glass Co. Ltd., Toronto, Ontario, Canada. 


7 Eberbach Corp., Ann Arbor, Mich. 
8 International Equipment Co., Needham Heights, Mass. 
9 Hewlett-Packard 5840A series reporting gas chromatograph with automatic 


10 Applied Science Laboratories, State College, Pa. 
11 Hewlett-Packard, 1 ml, clear glass with caps (11 mm) and a hand capper (10 


liquid sampler model 7671A. 


mm). 
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Table I-GLC Data on Benzodiazepine Compounds on Polyimide Column 


Retention Time, Relative" Response Number of Weight Rangeb 
Compound min Factor cv, % Data Points Examined, mg 


Chlordiazepoxide hydrochloride 
I1 
111 


4. lC 
5.3 
1.0 


1.2411 


1.07tl 
2.49,^1 


1.5 
2.8 
6.1 


4 
3 
3 


5.3-25.5 


0.035-0.088 
1.0-1.8 


Diazepam 2.7 1.0715 1.5 3 2.1-10.4 


a Relative to the internal standard (dicyclohexyl phthalate, retention time of 1.7 min). b Amount extracted into 20.0 ml of the internal standard sohtion. Eluted 


Flurazepam dihydrochloride 4BC 1.4777 1.1 3 11.2-30.3 


as the free base. 


Table 11-GLC versus Pharmacopeial Assay Results for 10-mg Chlordiazepoxide Hydrochloride Capsules 


Percent of Label Claim 
n r  n 
GILL 


Tb 1 JSP - -- 
Formulation Manufacturer C.U." Range c v ,  % MeanC I I d  111' Total XIXf 


A 
B 
C 
F 
G 


84.4-91.7 2.4 89.4 7.1 
97.2-106.9 3.0 101.6 0.7 
93.0-107.5 4.4 97.7 3.4 
93.6-105.5 4.0 99.3 1.7 
93.8-105.0 3.6 98.2 1.2 


0.02 96.6 96.2 
0 102.3 105.9 
0 
0 
0 


~~ 


101.1 99.8 
101.0 98.9 
99.4 97.4 


a Content uniformity of 10 individual dosage units. Chlordiazepoxide hydrochloride. Mean of 10 content uniformity values. Pharmacopeial I1 impurity. Phar- 
macopeialII1 impurity. f Composite assay on 10 capsules. 


Table 111-GLC versus Pharmacopeial Assay Results for Diazepam Tablets 


10 
2 
5 


10 
5 


10 
5 


98.6-100.7 
84.6-113.4 
99.0-108.9 
96.1-99.2 
97.5-106.3 
96.3-100.8 
89.5-102.3 


0.6 
8.1 
3.1 
1.1 
2.7 
1.6 
4.6 


99.4 101.0 
97.6 98.6 


105.9 105.2 
97.9 96.4 


100.4 104.0 
98.3 100.4 
97.9 96.5 


a Content uniformity of 10 individual dosage units. * Mean of 10 content uniformity values. c Composite assay on 10 powdered tablets. 


contents of each of 10 individual capsules were emptied into separate 
screw-capped tubes labeled 1-10. The contents of each tube were 
subjected to the same extraction and chromatographic procedures as 
described for the calibration solutions. For each sample solution, the 
amount of chlordiazepoxide hydrochloride present, expressed as a per- 
centage of the label claim, was calculated automatically with reference 
to a calibration solution of approximately the same concentration and 
chromatographed just prior to the analysis of each batch of 10 dosage 
units. The mean of the 10 individual results was used as the assay 
value. 


Preparation and GLC of II and III Impurity Calibration Solu- 
tions-Various volumes of the stock I1 and 111 impurity solutions were 
pipetted into three separate screw-capped tubes (A-C), each containing 
about 50 mg of chlordiazepoxide hydrochloride, accurately weighed. The 
volumes added corresponded to the following impurity levels based on 
the weight of chlordiazepoxide hydrochloride: A, 2.0% of I1 and 0.08% of 
III; B, 2.8% of I1 and 0.12% of III; and C, 4.0% of I1 and 0.20% of 111. In each 
tube, the volume of the internal standard required for a total volume of 
20.0 ml of organic solution then was added with water (2 ml) and sodium 
bicarbonate (2 ml). A blank containing -50 mg of chlordiazepoxide hy- 
drochloride, accurately weighed, the internal standard solution (20.0 ml), 
water (2 ml), and sodium bicarbonate (2 ml) also was prepared. 


Each mixture was shaken mechanically for 10 min and then centrifuged 
at 3000 rpm for 10 min. Exactly 10.0 ml of each of the four respective 
organic layers and 1 N HCl (2 ml) were pipetted into separate screw- 
capped tubes, the contents were shaken mechanically for 5 min, and the 
solution was centrifuged at 3000 rpm for 10 min. An aliquot of each of the 
four organic layers was chromatographed. 


GLC Determination of II and III Impurities in Capsule Formula- 
tions-Prior to the determination of I1 and 111, the contents of 20 capsules 
were emptied, thoroughly mixed, and accurately weighed. An amount 
of powder equivalent to -50 mg of chlordiazepoxide hydrochloride was 
accurately weighed into a screw-capped tube. The internal standard so- 
lution (20.0 ml), water (2 ml), and sodium bicarbonate (2 ml) were added, 


and the contents were subjected to the same bicarbonate-acid double- 
extraction procedure already described. 


About 1 pl of the final organic layer was injected into the gas chroma- 
tograph, and the run time was set a t  10 min. For each sample, the I1 and 
I11 levels were calculated with reference to the impurity calibration so- 
lution closest to the concentration of impurities estimated by inspection 
of the assay chromatogram and were expressed as a percentage of the drug 
label claim. 


Diazepam Analysis-Preparation and GLC of Diazepam Calibration 
Solutions-The stock diazepam (0.5 mg/ml and 10 mg/20 ml) was suc- 
cessively diluted with the internal standard solution to give solutions of 
0.25 mg/ml(5 mg/20 ml) and 0.1 mg/ml(2 mg/20 ml), respectively. About 
1 pl of each of the three solutions (including the stock solution) was in- 
jected into the gas chromatograph set in the automatic mode with a run 
time of 5 min. 


GLC Analysis of Tablet Preparations for Content Uniformity-Ten 
tablets (2, 5, or 10 mghablet) were selected at  random, and each was 
placed in a separate screw-capped tube and crushed to a fine powder with 
a blunt-end stirring rod (10 mm in diameter). Exactly 20.0 ml of the in- 
ternal standard solution was pipetted into each tube, after which the 
contents were mechanically shaken vigorously for 10 min and then cen- 
trifuged at  3000 rpm for 10 min. A 1-p1 portion of each supernate was 
chromatographed with a run time set a t  5 min. For each sample, the 
amount of diazepam present, expressed as a percentage of the label claim, 
was calculated automatically with reference to a calibration solution of 
approximately the same concentration. The mean of the 10 individual 
results was used as the assay value. 


Flurazepam Dihydrochloride Analysis-Preparation and GLC of 
Flurazepam Calibration Solutions-For each dosage level (15 and 30 
mg/capsule), a corresponding standard solution containing a similar 
amount of drug was prepared daily as required. About 15 or 30 mg of 
flurazepam dihydrochloride was weighed accurately into a screw-capped 
tube. Distilled water (2 ml), sodium bicarbonate solution (2 ml), and the 
internal standard solution (20 ml) were added, the contents of the tube 
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were mechanically shaken vigorously for 10 min, and then the solution 
was centrifuged at  3000 rpm for 10 min. A 1-p1 portion of the organic layer 
was chromatographed with a run time of 10 min. 


GLC Analysis of Capsule Preparations for Content Uniformity-The 
contents of each of 10 individual capsules were emptied into separate 
screw-capped tubes labeled 1-10. The contents of each tube were 
subjected to the same extraction and chromatographic procedure as 
described for the calibration solutions. For each sample, the amount of 
flurazepam dihydrochloride present, expressed as a percentage of the 
label claim, was calculated automatically with reference to a calibration 
solution of approximately the same concentration. The mean of the 10 
individual results was used as the assay value. 


DISCUSSION 


In selecting an appropriate column for this work, the criteria adopted 
were that the three drugs, their associated impurities, and the internal 
standard (dicyclohexyl phthalate) should all be eluted quickly as single 
sharp peaks and should require no derivatization. Poly 1-110, a polyimide 
nonsilicone polymer suitable for the separation of a variety of amine-type 
drugs and necessitating no pretreatment of the functional groups with 
derivatizing agents, was the phase of choice. The capacity of the column 
was 4 . 5  pg for chlordiazepoxide and diazepam and -1.5 pg for flur- 
azepam. While Poly 1-110 is claimed to be stable to 275O, some deterio- 
ration in column performance, evidenced by darkening of the packing 
material and peak broadening, particularly with chlordiazepoxide, was 
noted after 3-4 weeks of operation at  250'. When these symptoms were 
observed, the column was replaced. Zone temperatures and gas flow 
conditions were chosen to achieve optimum elution characteristics and 
minimum run times of the drugs, and instrument settings were adjusted 
for maximum quantitation accuracy. 


Relevant GLC data on the compounds eluted from the polyimide 
column are listed in Table I. The internal standard was eluted as a sharp, 
symmetrical peak at  1.7 min and did not interfere with any peak of in- 
terest. Detector linearity was established for each drug over weight ranges 
that approximated the dosage level ranges encountered in their com- 
mercial formulations. The associated coefficients of variation for chlor- 
diazepoxide, diazepam, and flurazepam were 1.5,1.5, and 1.1%, respec- 
tively, indicating that any of these calibration solutions would be satis- 
factory for the analysis of that drug a t  any of its dosage levels (Table I). 
Nonetheless, to minimize error, the calibration solutions were prepared 
to about the same concentration as the sample solutions. 


Compounds I1 and I11 were studied at  concentrations equivalent to 
levels of 2.0-3.6 and 0.07-0.18% of the weight of chlordiazepoxide hy- 
drochloride, respectively. The USP limits for these impurities in com- 
mercial capsules of chlordiazepoxide hydrochloride are 3.0 and 0.1%, 
respectively. Only trace amounts of chlordiazepoxide were observed in 
each impurity calibration solution, and no I1 and I11 were detected in the 
blank sample. The toluene layer was back-extracted with 1 N HC1 to 
remove the potentially interfering parent drug. Compounds I1 and I11 
are not soluble in 1 N HC1 and were extracted completely into toluene 
since neither was detected in the residual aqueous layer. While the re- 
sponse factor coefficient of variation values were higher for I1 and I11 (2.8 
and 6.1%, respectively) than for the drugs, the quantitation errors would 
be small (certainly much less than those of the USP TLC test) considering 
the low levels of these compounds usually encountered in formula- 
tions. 


Drug Content and Content Uniformity-The USP limits for 
chlordiazepoxide hydrochloride and diazepam in commercial capsules 
and tablets, respectively, and the NF limits for flurazepam in capsule 
preparations are 90.0-110.0% of the labeled amount of drug. All chlor- 
diazepoxide formulations listed in Table I1 met the USP requirement 
when analyzed by the nondiscriminating USP spectrophotometric pro- 
cedure, but Formulation 1 fell just outside (89.4%) the lower limit when 
assayed by the GLC method. This product, several years old and con- 
taining >7% of 11, was chosen to illustrate the greater specificity of the 
GLC procedure. When the levels of I1 and I11 determined by GLC were 
added to the GLC assay results, the aggregates were in good agreement 
with the respective USP values. All diazepam products met the com- 
pendial assay requirements and gave consistent results by both proce- 
dures (Table 111). One flurazepam product (15-mg capsules) was exam- 
ined and afforded values of 96.2% with the GLC procedure and 95.9%with 
the NF XIV spectrophotometric method. 


In the present chromatographic method, the mean of 10 content uni- 
formity values was taken as the assay result. In the pharmacopeial sit- 
uation, this method of calculating drug content may not be justified since 
the content uniformity test often entails direct dissolution of the dosage 


0 - 


n 


0 
0 * 


Figure 1-Chromatogram of a 
reference impurities assay solu- 
tion (10 mg of chlordiazepoxide 
hydrochloride spiked with 3.0% of 
II and 0.1 % of III). The peaks are 
0.95 rnin for III, 1.7 rnin for the 
internal standard, 4.0 min for 
chlordiazepoxide, and 5.25 min for 
II. 


Figure 2-Chromatogram of an 
impurities calibration solution at 
the USP limit for II (3.0%) and 
III (0.1 %). The peaks are 0.94 min 
for III, 1.7 rnin for the internal 
standard, 3.9 rnin for residual 
chlordiazepoxide, and 5.34 min for 
II .  


unit in a suitable solvent, leading to possible excipient interference and 
overestimation of the drug content. 


Content uniformity results were evaluated in terms of the USP-NF 
specifications for tablets and capsules. One diazepam tablet, Formulation 
2 (Table III), gave a value of 84.6'70, but 20 additional tablets were not 
assayed. A satisfactory range of 91.8-101.5% of the label claim was ob- 
tained for the flurazepam formulation. 


Purity-The USP monograph for chlordiazepoxide hydrochloride 
capsules includes a TLC test for the related Compounds I1 and 111, and 
this test must be applied to every formulation since the impurity levels 
cannot be estimated from the other pharmacopeial tests performed. In 
the GLC method, the assay chromatogram provides important prelimi- 
nary information on the product purity and eliminates the impurity test 
for formulations for which no extraneous peaks are observed. This pro- 
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cedure can result in considerable savings in cost and time over the du- 
ration of the drug screening. In judging whether or not an impurity test 
is required, comparison is made with a reference impurities assay chro- 
matogram (Fig. 1). In the present work, the GLC determination of I1 and 
I11 was carried out on all capsule formulations. A larger amount of 
chlordiazepoxide hydrochloride was used for the impurities test to in- 
crease the concentrations of I1 and I11 in the final solution to afford in- 
creased peak areas and improved accuracy. 


The data given in Table I1 show that, by the GLC procedure, Formu- 
lations 1 (7.1% of 11) and 3 (3.4% of 11) failed to comply with the USP 
purity requirement of 3.0% of 11. Impurity I11 was detected at  a level of 
0.02% in Formulation 1 but was not observed in others. The products were 
old samples selected to demonstrate the merits of the GLC method and 
are not representative of the quality of chlordiazepoxide capsule prepa- 
rations currently on the market. A chromatogram of an impurity cali- 
bration solution containing the maximum levels of I1 and 111 allowed in 
the USP monograph for chlordiazepoxide hydrochloride capsules is 
shown in Fig. 2. 


Identity-USP identity tests for chlordiazepoxide hydrochloride 
capsules and diazepam tablets involve nonspecific UV absorbance scans 
of the assay solutions and chemical tests on aliquots of the sample pow- 
ders. The NF identity of flurazepam in capsule formulations is confirmed 
by these tests and also by an IR trace of a carbon disulfide extract of the 
drug. While this test is highly specific, it can be time consuming if nu- 
merous samples are to be monitored. 


In the GLC procedure, identity was established during the analytical 
run by comparing the retention time and peak area of the drug in the 
sample solution with those of the reference standard in the calibration 
solution, the latter having been prepared at  the concentration assumed 
for the sample solution. The probability of an artifact compound in a 
formulation labeled to contain the drug of interest having coincident 
retention time and peak area to those of the reference standard is con- 
sidered remote. This manner of confirming the identity of the drug is 
suitable for screening programs, and it is not only quicker than the 
pharmacopeial tests but also is generally more specific and allows veri- 
fication of the identity of the drug in each dosage unit. However, in rare 
instances where the identity of the product might be questioned or oth- 


erwise still be in doubt, absolute identification of the drug can be con- 
firmed by IR spectroscopy. 
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Abstract A stability-indicating method for determining hydrochlo- 
rothiazide in tablet formulations and in the bulk form is described. Hy- 
drochlorothiazide is dissolved or extracted using methanol. An aliquot 
of the solution, containing sulfadiazine as an internal standard, is chro- 
matographed on a 10-pm CIS column with an aqueous mobile phase 
containing 5% methanol as the modifier. The pH is adjusted to about 4.5 
with acetic acid. The method gave accurate results for nine lots (four 
different suppliers) of tablets and two bulk drug lots (two different 
suppliers). The assay has a relative standard deviation of about 1%. The 
method can also be used as a test for impurities in hydrochlorothiazide. 
The data in this study indicate that the test should give accurate results 
for impurities between 0.1 and 5%. 


Keyphrases Hydrochlorothiazide-stability-indicating high-pressure 
liquid chromatographic method 0 Degradation-stability-indicating 
high-pressure liquid chromatographic assay of hydrochlorothiazide 0 
High-pressure liquid chromatography-stability-indicating ‘assay of 
hydrochlorothiazide 


Hydrochlorothiazide is a common diuretic. It is used as 
an antihypertensive by itself and in combination with 


other compounds. It is available in a wide range of dosage 
forms (25-100-mg tablets) and in combination tablets (e.g., 
hydrochlorothiazide and guanethidine). 


The assay listed in USP XIX is a titration with sodium 
methoxide. This method cannot distinguish hydrochlo- 
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COMMUNICA TIONS 


Kinetics of Pharmacological Effects on 
Constant-Rate Intravenous Infusion 


~ 


Keyphrases 0 Pharmacokinetics-mathematical method for analysis 
of pharmacological effects on constant-rate intravenous drug infusion 


Mathematics-method for analysis of pharmacological effects on 
constant-rate intravenous drug infusion Kinetics-mathematical 
method for analysis of pharmacological effects on constant-rate intra- 
venous drug infusion 


To the Editor: 
Over the last 10 years, great interest has developed in 


monitoring drug and metabolite concentrations in bio- 
logical fluids to aid in optimizing individual patient drug 
therapy (1-6). Of course, such drug concentrations are only 
an indirect index of the ideal monitoring parameter, i .e . ,  
pharmacological response. The theoretical bases for 
quantifying pharmacological response for reversible 
pharmacodynamic processes were examined thoroughly 
(7-10). These mathematical relationships were used to 
elucidate the kinetics of the pharmacological effect of 
tubocurarine (11-14), succinylcholine (15-17), lysergide 
(18-20), mercaptomerin (21), ethanol (22), warfarin (23, 
24), theophylline (25), and cocaine (26). Each of these 
drugs elicits a pharmacological effect that can be accu- 
rately and reproducibly quantified. This report describes 
a method for elucidating pharmacokinetic properties fol- 
lowing constant-rate intravenous infusion of drugs eliciting 
quantifiable, reversible pharmacological responses that 
are immediate, not delayed, effects. 


The linear portion of the classic log concentration-re- 
sponse relationship can be described by (7): 


E = m log C + e (Eq. 1) 


where C is the concentration, E is the response, m is the 
slope of the linear portion of E uersus log C ,  and e is the 
unit concentration intercept of E versus log C .  With the 
assumption of instantaneous drug distribution and first- 
order drug elimination, plasma drug concentration during 
constant-rate intravenous infusion can be described by the 
following function of time: 


ko 
c1 (Eq. 2) 


where ko is the zero-order infusion rate, Cl is the total body 
clearance, K is the first-order elimination rate constant, 
and t is time. 


Substitution of Eq. 2 into Eq. 1 provides the relationship 
describing the pharmacological effect as a function of time 
during ongoing intravenous infusion: 


C = - (1 - e-Kt) 


(Eq. 3a) ko 
c1 E = m log- (1 - e - K t )  + e 


or: 


E = m log ko - m log C1 + m log (1 - e W K t )  + e (Q. 36) 


As infusion continues toward steady state, the term e-Kt 
approaches zero. Therefore, at steady state, Eq. 3b be- 
comes: 


E,, = m logko - m  logC1+ e (Eq. 4a) 


where E,, is the pharmacological effect a t  steady state. 
This relationship is most useful following conversion to the 
form: 


E,, = m log ko - b (Es. 4b)  


where b = m log C1 - e; b is the y intercept of E,, uersus 


For a drug satisfying the prior assumptions, Eq. 46 in- 
dicates that a plot of the steady-state pharmacological 
effect versus the logarithm of the intravenous zero-order 
infusion rate is linear with a slope equal to m, the slope of 
the linear portion of the log concentration-response rela- 
tionship. 


Consider the time course of declining pharmacological 
effect. Rearrangement of Eq. 1 yields: 


log ko.  


E - e  
m log c = - (Eq. 5 )  


Postinfusion, monoexponential decline of the plasma drug 
concentration from the steady-state concentration (C,,) 
achieved uia constant-rate intravenous infusion is de- 
scribed by: 


K t  
2.303 


log c = log c,, - - (Eq. 6) 


Substituting for log C and log C,, in Eq. 6 from Eq. 5 
yields: 


E - e  E x , - e  Kt -=--- 
m m 2.303 


or: 
mK 


2.303 
E = E,, - -1 


(Eq. 7 a )  


(Eq. 7 b )  


Equation 7b indicates that a plot of postinfusion phar- 
macological effect uersus time declines linearly from 
steady state, with the slope providing an estimate of the 
product of K and m. Construction of plots of E,, uersus log 
ko (Eq. 4b) and E uersus time, for effect declining from 
steady state (Eq. 7b), provides estimates of m and mK, 
respectively, and thereby enables estimation of K .  But 
knowing K ,  the biological half-life (t112) is readily calcu- 
lated from: 


(Eq. 8) 
In 2 


tl l2 = - K 
In addition to the assumptions stated in the original 


papers on this type of pharmacological effect model, in- 
ference of the pharmacokinetic behavior of a drug based 
on pharmacological effect data requires that no metabo- 
lites have measurable interfering pharmacological activity 
(27). If the decline of pharmacological effect is rate limited 
by the drug diffusion rate from the site of action, the re- 
formation rate of an essential enzyme, or homeostatic 
control mechanisms, the apparent elimination rate con- 
stant calculated from the equations discussed in this paper 
will be representative of the rate-limiting process (11, 
28). 


This method was applied to data obtained from a pre- 
vious study (29). In that study, 54 patients in a state of 
hypertensive emergency received sodium nitroprusside 
infusions in a dose-titration manner to achieve the desired 
hypotensive effect. Individual data were presented for four 
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Figure 1-Relationship between steady-state mean arterial blood 
pressure and sodium nitroprusside infusion rate in one patient with 
malignant hypertension. The linear regression line is shown (r = 
-0.99). 


representative patients. Data on one patient, a 45-year-old 
male with malignant hypertension, renal failure, and 
congestive heart failure, were presented in sufficient detail 
to permit the proposed analysis. In accordance with Eq. 
4b, a linear relationship was obtained between steady-state 
mean arterial blood pressure and the logarithm of sodium 
nitroprusside infusion rate over a 40-fold range of zero- 
order infusion rates (Fig. 1). As shown in Fig. 2, plotting 
the time course of the hypotensive effect declining from 
steady state following discontinuation of sodium nitro- 
prusside infusion illustrates adherence to Eq. 7b. 


Calculation of the slopes in Figs. 1 and 2 provides direct 
estimates of rn and mK of -30.1 mm Hg and 1.40 mm 
Hg/min, respectively. Therefore, K can be estimated as 
0.0465 min-l with a corresponding biological half-life of 
14.9 min. This estimate of biological half-life is consistent 
with the rapidly achieved steady-state hypotensive re- 
sponse observed clinically. This relatively short half-life 
supports the prior interpretation of the mean arterial blood 
pressures in Fig. 1 as being reasonable approximations of 
steady-state values. 


This analysis for sodium nitroprusside is exemplary of 
the potential utility of studying the pharmacokinetic 
properties of intravenously administered drugs eliciting 
a quantifiable response. Constant-rate intravenous infu- 
sion of a drug having a relatively short biological half-life 


I I I I I 
0 2 4 6 8 1 0  &? 


MINUTES 
Figure 2-Time course of increasing mean arterial blood pressure 
fallowing discontinuation of sodium nitroprusside infusion. The linear 
regression line is shown (r = 0.99). 


will enable rapid achievement of steady state at each of the 
several infusion rates. Although this technique may not be 
applicable to all drugs, it may provide a basis for practical, 
exploratory analysis of pharmacological effect data for 
drugs such as nitroprusside, diazoxide, nitroglycerin, and 
trimethaphan. 
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Plasma Theobromine after Oral 
Administration of Caffeine t o  Dogs 


Keyphrases Theobromine-caffeine metabolite, plasma levels fol- 
lowing oral administration of caffeine to dogs 0 Caffeine-metabolism 
in dogs, plasma theobromine levels following oral administration of 
caffeine to dogs Metabolism-of caffeine, plasma levels of metabolite 
theobromine following oral administration of caffeine to dogs 


To the Editor: 


Caffeine (1,3,7-trimethylxanthine), a compound in 
coffee, tea, and many other beverages, has been used suc- 
cessfully for the treatment of apnea in premature infants 
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Inertial Confinement Fusion 
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Abstract Various microencapsulation techniques were evaluated for 
fabrication of thermonuclear fuel pellets for use in existing experimental 
facilities studying inertial confinement fusion and in future fusion-power 
reactors. Coacervation, spray drying, in situ polymerization, and physical 
microencapsulation methods were employed. Highly spherical, hollow 
polymeric shells were fabricated ranging in size from 20 to 7000 pm. In 
situ polymerization microencapsulation with poly(methy1 methacrylate) 
provided large shells, but problems with local wall defects still must be 
solved. Extension to other polymeric systems met with limited success. 
Requirements for inertial confinement fusion targets are described, as 
are the methods that were used. 


Keyphrases 0 Fuel pellets-fabrication and microencapsulation, var- 
ious microencapsulation techniques, glasses, and polymers compared 
Polymers-shell fabrication, fuel pellets, various microencapsulation 
techniques compared 0 Microencapsulation-symposium, various mi- 
croencapsulation techniques compared, glass and polymeric shells, mi- 
croencapsulation of fuel pellets 


The use of high-energy pulsed lasers to compress matter 
to extremely high densities (e.g., 1000 times its solid den- 
sity) has been studied for some time (1). By compression 
of deuterium and of deuterium and tritium mixtures, 
thermonuclear fusion reactions are expected to be initiated 
for practical, commercial energy production. In principle, 
extremely high compression, with consequent heating, 
initiates fusion. Further heating by alpha-particles (whose 
range is drastically reduced by the compressed fuel) in- 
creases the reaction rates of deuterium and tritium to 
sustain and enhance the burn. High-energy (14.1 MeV) 
neutrons generated by these deuterium-tritium fusions 
become available as a usable source of nuclear energy to 
be exploited by capture in a heat-transfer medium such 
as lithium or by radionuclear chemistry for direct pro- 
duction of gaseous fuels such as hydrogen or methane. 


DISCUSSION 


Large-scale release of fusion energy has occurred on earth but only in 
the uncontrolled action of thermonuclear weapons. In attempts to employ 
high compression for the controlled release of thermonuclear energy, 
confinement difficulties arise because the material being compressed 
escapes before useful work can be performed. These confinement dif- 
ficulties are diminished if compression is accomplished rapidly to take 
advantage of inertial confinement. 


Experiments were conducted in these laboratories utilizing implosion 
experiments with spherical pellets. In a laser-driven implosion, the pellet 
surface is heated by the laser and ablated away while the cold inner sur- 
face is driven inward, thereby conserving momentum and causing com- 
pression of the fuel and subsequent thermonuclear fusion. 


Target pellets are produced by filling hollow spherical shells of glass 
or polymer with deuterium or a deuterium-tritium mixture, taking ad- 
vantage of the shell's permeability to hydrogen at  elevated temperatures. 
Since these pellets are microcapsules, utilization and extension of existing 
microencapsulation technology are desirable to solve problems in the 
fabrication of microscopic, highly spherical, hollow shells that fulfill the 
stringent requirements of inertial confinement fusion. 


Glass Shells-Glasses and polymers, because of uniquely suitable 
properties, are the principal shell materials chosen for inertial confine- 
ment fusion targets. Although considerable progress has been made in 
utilizing these properties, many areas for improvement remain. Glasses 
have extremely high tensile strengths, -7 X lo2 kgf/mm2 (-1,000,000 
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psi), when formed under carefully controlled experimental conditions. 
Therefore, one could expect to make glass shells of high teneile strength, 
-1.4 X lo2 kgf/mm2 (-200,000 psi) or higher. 


A most important quality of glasses is the extremely low permeability 
at ambient temperature, which allows gas retention times in targets 
ranging from hours for silica to years for soda lime glasses. Permeability 
increases exponentially with temperature, however, allowing relatively 
rapid filling to equilibrium pressure at elevated temperatures (-10 hr 


1 ~ 


. 
I 


Figure 1-Glass-shell-blowing tower furnace. Coiled wire resistors in 
clamshell heaters surround an inner mullite tube (7.0 cm i.d. X 2.1 m 
long). The tube end is terminated in a container of water. Temperature 
maximum was 1250' (&loo for  1.3 m). 
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for soda lime at 673 O K ) .  The amorphous nature of glass permits easy 
fabrication of hollow shells. The large range of viscosities through which 
a glass proceeds helps to control the formation and freezing of the glass 
to produce a hollow shell configuration. 


Another important property of glass is its ability to withstand low- 
energy ionizing radiation (such as tritium beta-particles) for extended 
periods without serious loss of strength. 


Gel Synthesis-Microscopic glass shells suitable for use in targets for 
inertial confinement fusion research can be produced by at least two 
techniques. The first method utilizes the phenomenon known as glass 
reboil. Reboil can occur in glass that was manufactured to contain dis- 
solved gases or gas-generating species that are produced or released when 
the glass is reheated to temperatures above its original forming temper- 
ature. For bulk glass, the resultant product of such a treatment is a 
foamed structure. If the glass is in particulate form, the reboil phenom- 
enon can result in the formation of glass shells (2). 


The second technique uses a solution-derived dried gel as the glass shell 
starting material. A blowing agent is incorporated in the solid gel during 
the solution stage prior to gelation. As described in a patent (3), a gel, 
derived from a water-glass-type solution, first is converted into partic- 
ulate form and subsequently is heated in a furnace where glass shells are 
formed. The preparation of such gels from water or water-alcohol solu- 
tions of chemicals convertible to metal oxides was probably first reported 
by Roy (4) who employed them as precursors for glasses and synthetic 
minerals. The gel approach to glass manufacture is costly compared to 
conventional glass-forming techniques, but its unique characteristics 
make it attractive as the basis for additional research on glass shells (5, 
6). 


The gel is cured by heating for 14 hr at -55". The product then is air 
dried to remove most solvents and reaction by-products and finally is 
vacuum dried at 100". The resulting particles, 0.1-1.0 cm in size, are 
crushed and sieved. This crushed and sieved material will be referred to 
as "metal-organic gel." 


The gel technique and the dried particulates it provides have disad- 
vantages as well as advantages. The disadvantages include: (a) restric- 
tions on glass composition arising from incompatibility of certain 
metal-organic reagent combinations; ( b )  the metastable state of the so- 
lutions, which requires careful control of reaction parameters to obtain 
homogeneous gels instead of precipitates with their accompanying seg- 
regation of glass precursor components; and (c) the presence of residual 
organic groups, which can result in the production of carbon in the glass 
shell, which is not removed during fabrication. 


Important advantages are: (a) the variability of glass composition 
through any of three variations of the basic technique; ( b )  the capability 
of combining all glass precursors in a solution and thus achieving mixing 
on a molecular scale, an important consideration when producing indi- 
vidual gel particles weighing only nanograms; and (c) the homogeneous 
incorporation of a blowing agent. Carbon, converted to carbon dioxide 
in the drop tower, is the likely source of the blowing agent in the gel 
technique. Homogeneous distribution of carbon throughout the dried 
gel seems highly probable since the carbon undoubtedly arises from re- 
sidual ethoxy groups trapped in the silicon-oxygen-silicon network 
during gelation. 


Glass shells are fabricated in a vertical tubular furnace or tower furnace 
(Fig. I). The bottom of the mullite tube is sealed by immersion in water. 
This arrangement effectively prevents undesirable updrafts in the furnace 
tube and serves as a convenient collection medium for glass shells pro- 
duced in the tube. 


The shell fabrication procedure involves adding 20-30 mg of metal- 
organic gel a t  the top of the tower intermittently. Time intervals are 
varied from 0.25 to 1.0 min, depending on gel size. Sliells formed in the 
furnace are collected and subsequently washed with water, washed and 
floated in isopropyl alcohol, and then dried. 


Polymeric Shells-Glass shells are the most commonly used fuel 
containers because their physical properties are nearly ideal. Glass ex- 
hibits very low permeability, high tensile strength, optical clarity, a high 
melting point, abrasion resistance, and chemical durability, and it can 
be formed easily into shells. 


Polymeric shells offer the following alternatives in physical properties 
that could be useful in the design of future laser fusion targets: 


1. Organic polymers are considerably less dense than glass or metal. 
2. Polymers can be copolymerized and blended to produce a wide range 


of physical properties and compositions. 
3. Polymers offer the potential for low cost, high volume fabrication 


of shells. 
A polymer must satisfy a number of prerequisites to be useful as a 


container for inertial confinement fuel. Since a target must contain the 


gaseous fuel until illumination by the driver, low permeability to hy- 
drogen isotopes is essential. Permeability coefficients range from 1.4 X 


mole (standard temperature and pressure) m/m2.SPa for poly- 
(propylene) to 3.0 ?( mole (standard temperature and pressure) 
m/m2-SPa for silica (7). Some polymers exhibit characteristics similar 
to those of glass, but only a few exhibit permeability coefficients that 
approach those of glass [silica is -100 times less permeable than poly- 
(vinyl alcohol) at 293 "K]. 


Since shells usually are pressurized with 10 atm (1 MPa) of gaseous 
fuel, the shell material must have sufficient tensile strength to withstand 
the stress of high internal pressure. The tensile strength of poly(methy1 
methacrylate), representative of most common plastics, is 7 kgf/mm2; 
that of heat-treated poly(viny1 alcohol) is 110 kgf/mm2 (8). 


Elongation is another important property affecting the selection of 
polymers because of its relation to the dimensional stability of pressurized 
pellets. Elongation values range from 4% for poly(methy1 methacrylate) 
to 600% for poly(viny1 alcohol) with water present. Typically, the elon- 
gation of fully hydrolyzed poly(viny1 alcohol) is 250%; however, with 
proper heat treatment, its elongation can be held to <2% (8). Typical glass 
elongation is 3% at break (8). Thus, heat-treated poly(viny1 alcohol) shells 
kept a t  a relative humidity of <5% can have elongations comparable to 
glass shells. 


The ideal polymer must satisfy the conditions of high strength, low 
permeability to hydrogen, and low elongation. Poly(viny1 alcohol) satisfies 
these criteria better than any polymer investigated. Although most ex- 
periments have used poly(viny1 alcohol), considerable research has been 
devoted to chemical synthesis of new monomers and subsequent polymers 
such as polymethylol'. Polymethylol has certain properties and charac- 
teristics superior to those of poly(viny1 alcohol); but since polymethylol 
is not soluble in useful solvents, it is not suitable for established shell 
fabrication methods. Some polymers cannot be spray dried or microen- 
capsulated, and polymethylol appears to be one of them. 


Two techniques to fabricate polymer shells were developed. These two 
techniques, spray drying and in situ polymerization microencapsulation, 
will be described. 


Spray Drying-The spray-drying method of polymer shell fabrication 
involves spraying a solution of polymer and volatile solvent into a large, 
heated chamber. This method was developed initially to produce minute 
solid particles and was modified to produce hollow shells. Shell formation 
involves atomizing a polymer solution, thus forming droplets which, upon 
heating, concentrate and encapsulate a mixture of solvent, air, and at- 
omizing gas. These various encapsulants form the inner cavity but diffuse 
through the shell wall upon expansion of the capsule when heated. Mass 
spectral analysis of the residual gas in polymer shells revealed only trace 
quantities of the solvent vapor. 


The drying chamber consists of a square box (3.66 m high X 1.22 m X 
1.22 m) constructed of galvanized steel sheet and insulated with 10.2 cm 
of fiber glass. Sixteen 1.5-m long electrical resistance heaters are affixed 
at regular intervals along the inside walls and supply heat to the chamber. 
Thermocouples are positioned at  three different locations within the 
chamber to record the temperature profile. The 3.66-m chamber is of 
sufficient height to provide time for falling droplets within the size range 
of interest to be dried. 


The atomizer2 utilizes a high-velocity jet of gas as the atomization 
medium. The polymer solution is fed into the gas stream, which imparts 
shearing force to the solution to form droplets. This atomizer is designed 
to provide maximum variability in atomizing solutions over a wide range 
of viscosities. Interchangeable atomizer heads were employed in this 
study to accommodate the large range of viscosities and to produce 
droplets of predictable and reproducible size. The atomizer uses com- 
pressed gas to form the high velocity atomizing jet. The flow rates of the 
solution and gas are variable. Various polymers have been spray dried, 
of which nine have produced acceptable shells. Table I lists these poly- 
mers, their characteristic sizes, and their gas retention times. 


Because the physical properties of polymers vary greatly, shells were 
produced under unique conditions for each polymer. Poly(methy1 
methacrylate) and polycarbonate, for example, form high quality shells 
quite readily. Both are hard, glassy, amorphous polymers, which form 
solutions of moderate viscosity in low boiling solvents. Poly(viny1 alcohol) 
and carboxymethylcellulose sodium form shells only under precisely 
controlled temperature and solution composition. Both polymers are 
water soluble, and their solutions are difficult to atomize because of high 


Polymethylol is poly(viny1 alcohol) with a hydroxyl group on each carbon 


* The atomizer is a modified version of the A-CUADF automatic airbrush man- 
atom. 


ufactured by Paaache Airbrush Co. 
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Table I-Spray-Dried Polymeric Shells 


Maxi- 
Mean Mean mum Maxi- 
Diam- Wall Diam- mum 
eter, Thickness, eter, Aspect R t b ,  


Polymera pm Pm pm Ratio hr GasC 


PVA 56-116 1.2-2.9 182 134 32.0 D2 


PMMA 96-567 1.6-2.0 744 402 <0.5 Dz 
(10 lots) 28.0 DT 


(two 
lots) 


CMC 83 2.2 108 78 35.0 Dz 
15.0 DT 


VAVB 85 2.2 132 55 <0.5 D 1  
SAL 90 4.6 112 25 <0.5 D2 
PVF 98 4.0 124 49 <0.5 D2 
PC 112 2.4 142 71 <0.5 Dp 
PVB 90 2.7 116 59 <0.5 D; 
HPM 67 1.2 92 85 <0.5 D2 
PS 123 3.9 184 54 <0.5 D2 


PC = polycarbonate. PVA = poly(viny1 alcohol). PMMA = poly(methy1 
methacrylate). CMC = carboxymethylcelluloe sodium. VAVB = poly[(vinyl al- 
cohol)-co(viny1 butyral)], 80% of which is butyral. SAL = poly[(styrene)-co(ally1 
alcohol)]. PVF = poly(viny1 formal). HPM = poly(2-hydroxypropyl methacrylate). 
PS = polystyrene. Time for pressure to drop to 80% of PO = 1 MPa. Df = deu- 
terium, and DT = deuterium-tritium mixture. 


viscosity. Furthermore, water is difficult to remove quickly because of 
its high heat capacity and heat of vaporization. 


A polymer solution that is too dilute forms solid beads or thin, collapsed 
shells. If a polymer solution is too concentrated or if the polymer has a 
high molecular weight (>lOO,OOO), the shear forces provided by the at- 
omizing gas are insufficient, and long filaments result. For example, when 
high molecular weight poly(methy1 methacrylate) is sprayed from dilute 
solution, only very fine fibers are obtained because of the high viscosity 
of the solution. If the atomized polymer is very crystalline, the polymer 
precipitates when sprayed, and no hollow particles are formed. When a 
solution of low molecular weight polyethylene in toluene is sprayed, 
opaque solid beads are formed. This polyethylene is highly crystalline 
and precipitates instead of forming a film. 


The parameters of shell formation involved in spray drying a variety 
of polymers were investigated. The method can produce shells ranging 
from 20 to 740 pm. The size of a shell produced from a given droplet can 
be estimated (9): 


(Eq. 1) 


where D2 is the droplet diameter, D1 is the capsule diameter, d is the 
capsule density, d, is the solution density, and p is the weight fraction 
of the polymer solution. 


The spray-drying method is versatile, and a broad range of shell sizes 
can be fabricated from numerous polymers. Many shells can be fabricated 
easily in a short time. The hardware is relatively safe to operate and easy 
to maintain, and the equipment and process can he integrated into an 
automatic system. 


Coaceruation Microencapsulation-Microcapsules containing a liquid 
internal phase have been considered both as possible fusion pellets and 
as expansible precursors of hollow shells. The patent literature is replete 
with descriptions of microencapsulation systems that produce liquid- 
containing microcapsules using coacervation microencapsulation. 


Coacervated microcapsules generally exhibit sphericity and surface 
finish that are unsatisfactory for fusion pellets. Extensive experimen- 
tation with a urea-formaldehyde coacervation system has not yielded 
acceptable sphericity or surface finish. 


In Situ Polymerization Microencapsulation-Another patent (10) 
described a process for producing thermoplastic microcapsules containing 
a liquid blowing agent. Heating of the microcapsules causes them to ex- 
pand and form hollow particles. In this method, a solution is prepared 
consisting of a monomer, a free radical polymerization initiator, a low 
boiling liquid (used in the internal phase and as a solvent for the monomer 
and initiator), and additives (for tailoring molecular weight by chain 
transfer). This solution is added to an immiscible aqueous phase con- 
taining surfactants and a colloidal antiagglomerating agent. 


Upon mechanical agitation, the monomer solution is dispersed as 
suspended droplets in the aqueous medium. The initiator causes the 
monomer to polymerize as a film on the outer surface of the droplet, thus 
forming a thin wall. As polymerization continues, the film thickens and 
grows internally while the internal phase is encapsulated. This process 


continues, and the capsule wall thickens until all of the monomer and/or 
initiator is consumed. 


After the polymerization process, the capsules are separated from the 
aqueous phase, washed, and sorted. When a capsule is heated above the 
glass transition point of the polymer, the capsules expand to form hollow 
shells due to the liquid-gas transition of the internal phase. The gaseous 
vapors of the internal phase escape by permeation as the wall thickness 
decreases and are replaced by air shortly after expansion, as verifie&by 
mass spectroscopy of the shell contents. 


EXPERIMENTAL 


All in situ polymerization microencapsulation experiments were run 
in a 1-liter resin kettle equipped with a variable-speed impeller, con- 
denser, and nitrogen inlet. The resin kettle was immersed in a con- 
stant-temperature water bath. 


The aqueous phase consisted of 300 ml of distilled water, 0.5 g of col- 
loidal silica3, 3 g of 5% surfactant4, and 1 g of 2.5% sodium dichromate. 
The pH was adjusted to 4 with dilute hydrochloric acid. 


The oil phase consisted of 100 g of methyl methacrylate, 35 g of neo- 
hexane (internal phase), 0.5 ml of dichlorodimethylsilane, and 1.42 g of 
free radical polymerization initiator6. This mixture was maintained at  
35' in a constant-temperature bath. 


The two phases were mixed vigorously at  -5000 rpm for 1 min; then 
agitation was stopped. After 2 hr, the reaction temperature started to rise 
because of autoacceleration. Ice was added to the kettle, and gentle agi- 
tation was provided to maintain a temperature below 37'. After 8 hr, 
capsules were isolated by filtration and washed several times. Capsules 
expanded upon heating in an oven at  175' for 5 min and then were placed 
in a 100' oven for several hours to allow out-permeation of the internal 
phase vapor. 


RESULTS 


The experimental procedure produced shells of 100-7000 pm. The size 
and wall thickness were controlled by the size of the stable droplet formed 
in the aqueous solution and the relative amounts of monomer and internal 
phase. 


A narrow distribution of stable droplet sizes is obtained by using lim- 
ited coalescence (10). In limited coalescence, colloidal particles, which 
are dispersed in the aqueous phase, collect on the surface of the suspended 
droplets. Droplets that are substantially covered by colloids are stable 
to coalescence. In a given droplet dispersion, the total droplet surface area 
is a function of the total volume of the dispersed liquid and the diameter 
of the droplets. In limited coalescence, the nonaqueous phase is dispersed 
as small droplets until they reach a critical limiting size, which depends 
on the amount of colloid present. The average size of a stable droplet is 
related directly to the aqueous phase composition by (10): 


r d t  V 
kW 


D = -  (Es. 2) 


where D is the average diameter of the stabilized droplets in centimeters, 
t is the colloidal particle thickness in centimeters, V is the volume of the 
droplet phase in cubic centimeters, k is the swelling ratio of the colloid, 
d is the dry density of the solid colloid in grams per cubic centimeter, and 
W is the weight of solid colloid suspending agent in grams. 


A more useful scaling relationship is (10): 


DiWl= D2W2 (Eq. 3) 


This equation means that if a weight (W1) of colloid producing capsules 
of average diameter (01) has been determined experimentally, the pro- 
cedure can be tailored to produce capsules of another diameter (02) 
simply by adjusting the amount of colloid in the aqueous phase to an 
amount (W2) in accordance with the ratio of diameters. 


Early successful in situ polymerization microencapsulation experi- 
ments produced shells with poor inner surface uniformity. Upon micro- 
scopic examination, there appeared to be small polymer particles that 
were not incorporated into the wall. Apparently, a high molecular weight 
polymer formed late in polymerization after the capsule wall had ap- 
preciably hardened and thus could not merge with the wall. This hy- 
pothesis was supported in experiments with dichlorodimethylsilane, a 
potent polymerization chain transferring agent. With this agent, the 
amount of inner surface roughness decreased appreciably. Further im- 


Ludox, DuPont. 
4 Hyonic LA-90, Diamond Shamrock. 
5 VaZo 33W, DuPont. 
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Figure %-Schematic diagram of droplet generator. [PVA = poly(uiny1 
alcohol) .] 


provements may be achieved by modifying the polymerization ki- 
netics. 


Further polymeric shell research will be aimed at improving sphericity 
and increasing sizes. To this end, a device known as an acoustically 
modulated fluid jet has been designed and built (Fig. 2.) It is capable of 
producing uniformly sized droplets of polymer solution or melt. The 
solution to the problem of producing large (5 mm), hollow, spherical 
polymeric pellets will likely be solved through an understanding of uni- 
form droplet production. 
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Abstract Incorporation of antigens into nanometer-sized polymer 
particles was recently shown to lead to a good adjuvant effect. An optimal 
antibody response with killed influenza virus antigens was achieved with 
0.5% poly(methy1 methacrylate). Long-term experiments showed pro- 
longed antibody response of polymer adjuvants with incorporated or 
adsorbed influenza virus. Adsorption also yielded an optimal adjuvant 
effect with 0.5% poly(methy1 methacrylate). The antibody response was 
accompanied by protection of the mice against infection with mice- 
adapted influenza virus. In addition, the polymer vaccines were more 
stable against temperature inactivation than were vaccines with alumi- 
num hydroxide or without adjuvants. 


Keyphrases 0 Vaccine, influenza-virus antigen incorporated into and 
adsorbed onto polymer nanoparticles, vaccines with and without adjuvant 
compared for protection in mice and against heat inactivation Poly- 
mers-poly(methy1 methacrylate) and aluminum hydroxide used as 
adjuvants in influenza vaccine, effect of polymer on protection against 
influenza in mice and heat inactivation Microencapsulation-sym- 
posium, incorporation of influenza virus antigens into polymer nano- 
particles compared with their adsorption onto polymer nanoparticles, 
vaccines with and without adjuvant evaluated for protection against in- 
fluenza in mice and heat inactivation 


Nanocapsules or nanoparticles, first described a few 
years ago (1-4), are nanometer-sized delivery systems for 
biologically active materials. This biologically active ma- 
terial may be totally or partially encapsulated, or it may 
be attached to these particles by adsorption or through 
chemical bonding. 


At  present, there are three distinctly different methods 
for nanoparticle production (1). The first method is micelle 
polymerization (2). In this process, polymerization is car- 
ried out in micelles or micelle-like structures in which the 
biologically active material and the polymerizable material 
are present. 
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cedure can result in considerable savings in cost and time over the du- 
ration of the drug screening. In judging whether or not an impurity test 
is required, comparison is made with a reference impurities assay chro- 
matogram (Fig. 1). In the present work, the GLC determination of I1 and 
I11 was carried out on all capsule formulations. A larger amount of 
chlordiazepoxide hydrochloride was used for the impurities test to in- 
crease the concentrations of I1 and I11 in the final solution to afford in- 
creased peak areas and improved accuracy. 


The data given in Table I1 show that, by the GLC procedure, Formu- 
lations 1 (7.1% of 11) and 3 (3.4% of 11) failed to comply with the USP 
purity requirement of 3.0% of 11. Impurity I11 was detected at  a level of 
0.02% in Formulation 1 but was not observed in others. The products were 
old samples selected to demonstrate the merits of the GLC method and 
are not representative of the quality of chlordiazepoxide capsule prepa- 
rations currently on the market. A chromatogram of an impurity cali- 
bration solution containing the maximum levels of I1 and 111 allowed in 
the USP monograph for chlordiazepoxide hydrochloride capsules is 
shown in Fig. 2. 


Identity-USP identity tests for chlordiazepoxide hydrochloride 
capsules and diazepam tablets involve nonspecific UV absorbance scans 
of the assay solutions and chemical tests on aliquots of the sample pow- 
ders. The NF identity of flurazepam in capsule formulations is confirmed 
by these tests and also by an IR trace of a carbon disulfide extract of the 
drug. While this test is highly specific, it can be time consuming if nu- 
merous samples are to be monitored. 


In the GLC procedure, identity was established during the analytical 
run by comparing the retention time and peak area of the drug in the 
sample solution with those of the reference standard in the calibration 
solution, the latter having been prepared at  the concentration assumed 
for the sample solution. The probability of an artifact compound in a 
formulation labeled to contain the drug of interest having coincident 
retention time and peak area to those of the reference standard is con- 
sidered remote. This manner of confirming the identity of the drug is 
suitable for screening programs, and it is not only quicker than the 
pharmacopeial tests but also is generally more specific and allows veri- 
fication of the identity of the drug in each dosage unit. However, in rare 
instances where the identity of the product might be questioned or oth- 


erwise still be in doubt, absolute identification of the drug can be con- 
firmed by IR spectroscopy. 
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Abstract A stability-indicating method for determining hydrochlo- 
rothiazide in tablet formulations and in the bulk form is described. Hy- 
drochlorothiazide is dissolved or extracted using methanol. An aliquot 
of the solution, containing sulfadiazine as an internal standard, is chro- 
matographed on a 10-pm CIS column with an aqueous mobile phase 
containing 5% methanol as the modifier. The pH is adjusted to about 4.5 
with acetic acid. The method gave accurate results for nine lots (four 
different suppliers) of tablets and two bulk drug lots (two different 
suppliers). The assay has a relative standard deviation of about 1%. The 
method can also be used as a test for impurities in hydrochlorothiazide. 
The data in this study indicate that the test should give accurate results 
for impurities between 0.1 and 5%. 


Keyphrases Hydrochlorothiazide-stability-indicating high-pressure 
liquid chromatographic method 0 Degradation-stability-indicating 
high-pressure liquid chromatographic assay of hydrochlorothiazide 0 
High-pressure liquid chromatography-stability-indicating ‘assay of 
hydrochlorothiazide 


Hydrochlorothiazide is a common diuretic. It is used as 
an antihypertensive by itself and in combination with 


other compounds. It is available in a wide range of dosage 
forms (25-100-mg tablets) and in combination tablets (e.g., 
hydrochlorothiazide and guanethidine). 


The assay listed in USP XIX is a titration with sodium 
methoxide. This method cannot distinguish hydrochlo- 


III 
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HYDROCHLOROTHIAZIDE 


I SULFADIAZINE 


Figve 1-Typical chromatogram for the hydrochlorothiazide assay. 
The mobile phase is 5% methanol in water a t  pH 4.5. 


rothiazide (I) from likely degradation and process im- 
purities such as chlorothiazide (11) and 4-amino-6- 
chloro-1,3-benzenedisulfonamide (111). 


Liquid chromatographic methods for quantitating 
thiazides have been developed for tablet formulations (1) 
and the determination of hydrochlorothiazide in serum, 
plasma, and urine (2,3).  This report describes a new re- 
versed-phase high-pressure liquid chromatographic 
(HPLC) method that is specific for hydrochlorothiazide 
and has adequate sensitivity for the determination of im- 
purities. 


EXPERIMENTAL 


Materials-Sulfanilamide', chlorothiazide' (II), hydrochlorothia- 
zide2s3 (I), sulfadiazine', and 4-amino-6-chloro-1,3-benzenedisulfona- 
midel (111) were obtained in pure form and dissolved in methanol for 
chromatography and spectroscopy. Solvents and reagents were com- 
mercial analytical grade. Tablets from four sourcesz4 were used. 


Chromatographic Conditions-A liquid chromatograph6 with a low 
volume septumless injector, a fixed-wavelength detector' (254 nm), and 
a minicomputers were used. Commercial and 5-pm1° CIS columns 
(30 cm X 4 mm i.d.) were used at ambient temperature. The mobile phase 
consisted of 5% (v/v) methanol in double-distilled water. The pH was 
adjusted to 4.5-5.0 with 0.1 M acetic acid, and then the solution was fil- 
tered and deaerated. The flow rate was adjusted to 2.0 ml/min. 


internal Standard Solution-A solution of methanol containing -0.7 
mg of sulfadiazine/ml was used. 


Standard Preparation-About 20 mg of USP hydrochlorothiazide 
reference standard' was weighed accurately, and 10.0 ml of internal 
standard solution was added. 


Sample Preparation-Tablets-Ten tablets were weighed accu- 
rately, and the average tablet weight was determined before they were 


* Unitad States Pharmacopeial Convention, Rockville, Md. * Abbott Laboratories, North Chicago, Ill. 
Ciba Pharmaceutical Co., Summit, N.J. 
Barr Laboratories, Northvale, N.J. 
The Upjohn Co., Kalamazoo, Mich. 
ALC 202, Waters Associates, Milford, Mass. ' Model 440, Waters Associates, Milford, Mass. 
PDP11-40, Digital Equipment Corp., Marlborough, Mass. 
pBondapak CIS, Waters Associates, Milford, Mass. 


lo Ultrasphere ODS, Alter Scientific, Berkeley, Calif. 
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Figure 2-Effect of pH on the retention volume of I (A), I V  (+), I I  (O),  
and 111 (0) in water-methanol (955). 


crushed gently using a mortar and pestle. An amount equivalent to about 
20 mg of hydrochlorothiazide was weighed, 10.0 ml of internal standard 
solution was added, and the solution was shaken for 35-40 min. The so- 
lution was filtered or centrifuged to remove the particulate matter. 


Bulk Drug-The samples were prepared in the same way as the ref- 
erence standard. 


Impurities Test-About 10.0 mg of sample was weighed, and 10 ml 
of reagent grade methanol was added. 


Procedure-The sample or standard preparation, 6-10 pl, was 
chromatographed using conditions described. The reference standard 
was run in duplicate a t  the beginning and end of the run and between 
every seventh sample. The detector attenuation was set at 0.2-0.5 aufs. 
To observe the impurities on a 10-mv recorder, the attenuation was ad- 
justed to 0.01 aufs. 


Calculations-Tablets-The hydrochlorothiazide (I) content, ex- 
pressed in milligrams per tablet, is calculated from: 


(Eq. 1) I = (Rmm/RSd) X ( Wsa/Wsm) X (Fl/F3) X F2 X P 


where: 


R ,  = ratio of hydrochlorothiazide peak height to internal standard 


Rsd = ratio of hydrochlorothiazide reference standard peak height 


W S d  = weight of hydrochlorothiazide reference standard in milli- 


W ,  = weight of sample in milligrams 


peak height in sample preparation 


to internal standard peak height in standard preparation 


grams 


F1 = volume of internal standard used in sample preparation in 


F2 = average tablet weight in milligrams 
F3 = volume of internal standard used in standard preparation in 


P = purity of hydrochlorothiazide reference standard expressed as 


milliliters 


milliliters 


a decimal 


Bulk Drug-The percent hydrochlorothiazide is found using: 


I = (R.,/R,a) X (W,&V..,) X (Fl/F3) X P X 100 (Eq. 2) 


Impurities Test-The content of the impurities in the sample, ex- 
pressed as percent by weight, is calculated from: 


X 100 (Eq.3) 
H a 3  + HzRz +. . . H 


Hi + H a 3  + HzRz + XH impurities = 


where: 


H3 = height of 4-amino-6-chloro-l,3-henzenedisulfonamide (111) 


R3 = response factor for I11 (about 0.3 on a weight basis) 
H2 = height of chlorothiazide (11) peak 
Rz = response factor for I1 (about 1.6 on a weight basis) 
H1 = height of hydrochlorothiazide peak 
H = height of any unknown peaks 


peak 


Recovery Studies-Recovery studies were performed by adding 10-30 
mg of I to 180 mg of a placebo mix. If no placebo mix was available, 13-50 
mg of I was added to the crushed tablet mix. The samples were then 
treated as described under Sample Preparation. 
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RATIO OF METHANOL TO WATER 
Figure 3-Effect of methanol concentration on the retention volume 
of I (A), I V  (+), II (O),  and 111 (0) at p H  5. 


Response Factors-Samples of I1 and I11 were weighed and added 
to 10 mg of I (accurately weighed). These mixtures were dissolved in about 
10 ml of methanol. The samples were then chromatographed under the 
conditions described. The response factors were calculated using: 


where: 


Wt., = weight of a sample of I1 or I11 in milligrams 
WtI = weight of I in milligrams 


XI = height or area of I peak 
X ,  = height or area of I1 or I11 peak 


RESULTS 


Chromatography and Specificity-The mobile phase was adjusted 
to obtain good retention of hydrochlorothiazide (I) and baseline sepa- 
ration of the sulfadiazine (IV) internal standard. The chromatogram of 
I and I V  (Fig. 1) indicates that, under the recommended experimental 
conditions, the method is free of interference and gives symmetrical 
chromatographic peaks. Apparently, none of the excipients was extracted 
into the methanol during the I extraction step. In fact, no peaks were 
observed when the placebo was extracted with methanol for 30 min. The 
placebo sample was rerun at  a much higher sensitivity (0.01 aufs), and 
only a small peak due to the methanol solvent (at about 2-ml retention 
volume) was observed. 


During the search for the optimum chromatographic conditions, it was 
observed that pH had a pronounced effect on the retention volume of the 
internal standard (IV), especially between pH 5 and 6. Therefore, a study 
was done to determine the effect of pH on I, IV, and the two known im- 
purities of I (I1 and 111). The results (Fig. 2) indicate that the pH has a 
definite effect on all compounds except 111. Its retention volume remained 
about the same between pH 4 and 6.5. The order of elution of I and I V  
reversed between 6 and 6.5. Between pH 4 and 5, the relative retention 


Table I-Specificity of the HPLC Method 


Compound 


Guanadrel sulfate 
Sulfanilamide 
I11 
I1 
I 


I V  
Sulfamerazine 


Retention Capacity 
Volume, ml Factor” 


3.6 - 
6.8 0.9 


15.4 3.2 
23.0 5.4 
26.0 6.2 
35.5 8.9 
68.8 18.0 


Void volume is 3.6 ml; capacity factor = (volume - void volume)/void 
volume. 


111 


“HY OROCHLOROTHlAZlOE 


1 
I 


0.01 ABSORBANCE UNIT 


0 5 10 15 20 25 
MINUTES 


Figure 4-Chromatogram of hydrochlorothiazide spiked with 7% III 
and 17% II. 


times of all compounds remained about the same. It is recommended that 
the pH be kept between these values for reproducibility. 


Methanol was used as the organic modifier for the aqueous mobile 
phase. The retention data obtained by chromatographing I-IV are shown 
in Fig. 3. The results, when plotted as the ratio of methanol to water, are 
about linear up to a point corresponding to 4% methanol in water. This 
level of methanol gave the best combination of resolution and analytical 
results. Assay specificity was tested by chromatographing a mixture of 
1-111 (Fig. 4). 


Several other benzenesulfonamides were chromatographed to test 
further the method specificity. The results in Table I indicate that there 
are large differences in retention volume even for closely related com- 
pounds. Sulfamerazine differs from sulfadiazine only by one methyl group 
on the heterocyclic ring. These data also illustrate that the procedure is 
highly specific. 


The chromatographic: method was also tested by performing the assay 
with a different column. Table I1 and Fig. 5 show the results obtained on 
a 5-pm CIS column compared to the results normally obtained on the 
10-pm column. The retention times for the 5-pm column were longer, 


Table 11-Comparison of Chromatography on a 10- and 5-pm 
Column 


IV retention time, mip 16.5 f 0.4 22.1 f 0.3 
16.6 f 0.1 I retention time, min 


Theoretical platese 1080 f 130 3150 f 580 
Resolutionf 2.7 f 0.2 3.2 f 0.2 


12.1 f 0.2 


a pBondapak (218, Waters Associates, Milford, Mass. Average of 59 values; error 
is 2 SD. c Ultrasphere ODs, Altex Scientific, Berkeley, Calif. Average of nine 
values; error is 2 SD. 0 Theoretical plates = 5.54 ( T / W ) ~ .  f Resolution = 121 7‘1 - 
Tzl]/l.67 (w1 + W Z ) ,  where T is the retention tlme and w is the peak width at half 
height. 
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Table IV-Standard Addition Results for Tablet Formulations 


Unspiked I Amount of I Measured I 
per Tablet, mg Added, mg per Tablet, mg Recovery, %" 


I IV 


24.4 13.1 
50.2 26.7 
97.5 50.2 


37.5 99.8 
76.3 99.2 


144.3 97.7 4 
0.05 ABSORBANCE UNIT 0 Percent recovery = [measured Wunspiked I + added I)] X 100. 


Table V-Response Factors for Known Impurities 


Impurity Concentration, Response Factor 
% by weight Area Height 


I11 
0.3 
2.5 
7.1 


0.46 0.28 
0.29 0.50 


0.54 
0.50 


I ,  I 1 


5 15 25 
MINUTES 


. ~~ 


0.31 
0.29 


I I 


5 15 25 
MINUTES Average 


RSD, % 
I1 


0.5 
4.6 


16.8 
Average 
RSD. % 


8 5 
a b 


Figure 5-Separation of Z and ZV on 10-pm (a) and 5-pm (b) CIS re- 
versed-phase columns. 


1.66 
1.84 
2.03 
1.84 


10 


1.56 
1.61 ~ ~~ 


1.76 
1.64 


6 resulting in more theoretical plates, but there was essentially no increase 
in the resolution. In fact, on a new 10-pm CIS column, the resolution be- 
tween hydrochlorothiazide and the internal standard was 3.9. However, 
the data do serve to illustrate the ruggedness of the chromatographic 
conditions. 


Recovery and Linearity-The effectiveness of the extraction step 
was tested by adding I to the powdered placebo mixture (Table 111). A 
plot of the amount of I added Versus the amount of I recovered indicates 
that the slope is 1 (0.97 f 0.02) within experimental error and that the 
intercept is 0 (0.25 f 0.31). These data, a correlation coefficient of 0.999, 
and complete recovery of I (99.1 f 1.7%) show that the assay is linear and 
accurate between 50 and 150% of the tablet formulations (25 mg of I/ 
225-mg tablet) tested. 


The method was further tested by spiking several different formula- 
tions with additional I. Fifty percent of the label amount was added to 
three different formulations (from two different manufacturers) con- 
taining 25, 50, and 100 mg of I. The results (Table IV) indicate that 
complete recovery was obtained for all three formulations. The validity 
of the measurement was tested by changing the concentration of I relative 
to the internal standard (IV). Eight 8-pl aliquots (concentration range 
was 0.76-3.06 mg of I/ml) were chromatographed. The plots of both 
height and area ratio of I/IV uersus the amount of I were linear (corre- 
lation coefficients > 0.98) and showed no bias (intercepts were 0 f 2 SD). 


These results indicate that the assay is accurate over a fourfold concen- 
tration range. 


A study of 1-111 was performed to determine their absorptivity a t  254 
nm. The results show that the most sensitive region was between 220 and 
226 nm. However, a t  254 nm, all three compounds had adequate ab- 
sorptivity. Since the absorptivities of these compounds differed, it was 
necessary to determine response factors for I1 and I11 relative to I. As 
shown in Table V, response factors based on peak height and peak area 
were determined. Since peak height appears to give the more precise data, 
it is the recommended parameter for quantitative measurements. Al- 
though there was a definite concentration effect on the response factor, 
this effect was significant only at concentrations much higher than would 
ever be expected in pure I (Table VI). 


The detector (UV at  254 nm) gave linear responses for I1 and I11 be- 
tween 0.01 and 5 pg with a correlation coefficient of 0.99 or better. The 
intercept for both I1 and 111 was 0 f 1 SD. The normal injection volume 


Table VI-Hydrochlorothiazide Impurities: Recovery Study 
~ ~ ~~~ 


Com- Amount Added, % Amount Observed, % Recovery, % 
pound (w/w) (w/w) (w/w) 


Table 111-Hydrochlorothiazide (I) Extraction Study 


Amount of Amount of 
I Added, I Recovered, Recovery, 


SamDle me mz % 


I11 0.28 
2.50 
7.11 


I1 0.51 
4.60 


16.80 
50.00 


0.30 109.0 
2.56 102.4 
6.91 97.2 
0.52 102.9 
4.58 99.6 


16.09 95.8 
45.29 90.6 Samples Extracted 30 min 


100% Std. 20.3 
100% Std." 20.3 


20.1 99.0 
20.6 101.7 


100% Std. 20.4 
100% Std." 20.4 
50% Std. 9.8 
80% std. 16.4 


19.7 96.7 
19.9 97.7 
9.9 101.1 


16.4 99.8 


Table VII-Hydrochlorothiazide Assay Results for Tablet 
Formulations 


Label Average Tablet Potency Percent 
Formula- per Tablet, Tablet Amount, RSD, of 


tion mg Weight, mg mg/tablet % Label 


-. ~ 


90% Std. 18.7 
110% Std. 22.8 
120% Std. 24.0 
150% Std. 30.6 


18.4 98.2 
22.2 97.4 
23.4 97.5 
30.3 99.2 1A 25.0" 224 23.6 0.5 94.4 


1A-1 25.0" 224 23Bb 0.6 95.2 
1B 25.0" 224 24.0 1.2 96.0 


Average 
RSD 


99.1 
1.7 


101 24.9 0.4 99.6 2 25.0 
3A 25.OC 296 24.4 1.0 97.6 
3B 50.0 302 49.2 0.6 98.4 
3C 100.0 348 97.5 1.0 97.5 


Samples Extracted 45 min 


50% Std. 10.4 
100% Std. 20.8 
150% Std. 30.1 


10.5 
20.7 
29.4 


101.0 
99.5 
97.7 


_ _  -.. . 


4A 25.0 -85 25.7 1.1 102.8 
24.4 0.4 97.6 4B 25.0 86 


4 c  50.0 171 50.2 2.8 100.4 
80% Std. 16.7 16.5 98.8 
Average 99.2 
RSD 1.4 


Repeat of previous standard. 
Tablets also contained 10 mg of guanadrel sulfate. * Results obtained using 


the 5-pm column. c Tablets also contained 10 mg of guanethidine sulfate. 
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Table VIII-Hydrochlorothiazide Assay Results for Bulk Drug 
Lots 


Assay Assay 
(Peak Hei ht) (Peak AreaP 


Lot d % RSD USPAssav 


A 98.7 0.7 98.6 1.6 100.7 
B 98.2 0.8 98.0 0.9 101.4 
C 98.8 0.6 98.6 1.3 99.8 
D 100.0 1.1 100.3 1.4 100.3 
E 97.8 0.8 97.3 1.6 100.0 
F 98.0 1.1 98.4 1.1 99.9 
G 97.7 1.8 98.2 1.8 99.5 
H 97.6 0.6 96.4 1.4 100.5 


Calculated on the anhydrous basis; the results are averages of at least five de- 
terminations. 


Table IX-Effects of Injection Size and Sample Age 


Hydrochlorothiazide 
Day Run Amount Injecteda, pl Recovered, mg 


1 19 
2 22 


24 
25 
26 


3 29 
Mean 
RSD. % 


8 
8 


10 
6 
6 
8 


23.7 
23.8 
23.6 ~~ 


23.9 
23.6 
23.5 
23.7 
0.6 


~~~~~ 


a Concentration = 2 mg/ml. 


for the impurities test of about 10 pl of a 1-mg/ml preparation corre- 
sponds to 10 yg. The data indicate that the test should give accurate re- 
sults for impurities between 0.1 and 5%. At higher levels, the response 
factors used would have to be redetermined. Therefore, the method can 
be used to determine the purity of bulk hydrochlorothiazide. 


DISCUSSION 


The method was tested by assaying nine lots of tablets from the four 
suppliers. Three samples were obtained from each lot and prepared as 
indicated under Experimental. Two aliquots of each sample were chro- 
matographed. The results (Table VII) indicate that the method gives 
accurate results for the various formulations since there is good agreement 
with the label concentrations in all cases. 


The results also indicate that the assay has good precision. A statistical 
evaluation of the variability (41, using a x2 distribution at  the 95% con- 
fidence level, indicates that the true relative standard deviation is be- 
tween 0.7 and 1.1% using peak height. The results for eight lots of bulk 
drug from two suppliers are listed in Table VIII. The data indicate that 
the pooled relative standard deviation is about 1.1% for the,peak height 
measurement. This value is in good agreement with the assay precision 
found for the products listed. The results in Table VIII indicate that 
equivalent results are obtained using peak height or peak area. However, 


Table X-Stability of Hydrochlorothiazide (I) 


Sample 
Impuritiesn, % 


111 Unknown Total 
~~ 


Initial assay* 0.04 NDC 0.04 
3 months at  room temperature 1.52 ND 1.52 


1 hr a t  100’ 0.09 ND 0.09 
4 days at  100’ 0.11 ND 0.11 
16 hr in 0.1 N HCl (aqueous) 0.28 1.54 1.82 
16 hr in 0.1 N NaOH (aqueous) 0.13 0.94 1.07 


(LO mg/ml in methanol) 


a Chlorothiazide (11) was not detected in an of these samples. Average of five 
assays where impurity was detected. c None dletected. 


peak area measurements resulted in less precise results (pooled RSD = 
1.5%). The purity of the lots examined was 97.5-98.5%, except for Lots 
D and H. For the very pure Lot D (100% by HPLC and USP methods; 
99.m by summation of minor impurities), there was excellent agreement 
between the HPLC and USP XIX methods; for all other lots, the USP 
method gave higher results. 


The HPLC results indicate that some impurities in hydrochlorothia- 
zide (I) may interfere with the USP method for the following reasons: 


1. The HPLC impurity test and the other impurity tests listed in USP 
XIX indicate that Lot H has impurities present a t  1% or more, yet the 
USP assay gave a purity value of 100.5%. 


2. The USP assay is a sodium methoxide titration, which would not 
distinguish I from I1 and 111. 


3. All results using the USP method were 100% or larger, suggesting 
a positive bias. 


A study of injection size and sample stability was performed. The data 
(Table M) indicate that 6-10-pl aliquots give accurate and precise results 
over 3 days. Hydrochlorothiazide stability was examined under several 
conditions. The data given in Table X show that I is very stable in the 
powdered form. No significant degradation was observed when the dry 
powder was kept at 100’ for 4 days. Even under severe conditions such 
aa in 0.1 N HC1, I only degraded at  a rate of about O.l%/hr. A sample left 
at room temperature in methanol for 3 months produced about 1.5% 111. 
This result shows that 111 is a degradation compound of I and that the 
method is stability indicating. 
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Figure 1-Relationship between steady-state mean arterial blood 
pressure and sodium nitroprusside infusion rate in one patient with 
malignant hypertension. The linear regression line is shown (r = 
-0.99). 


representative patients. Data on one patient, a 45-year-old 
male with malignant hypertension, renal failure, and 
congestive heart failure, were presented in sufficient detail 
to permit the proposed analysis. In accordance with Eq. 
4b, a linear relationship was obtained between steady-state 
mean arterial blood pressure and the logarithm of sodium 
nitroprusside infusion rate over a 40-fold range of zero- 
order infusion rates (Fig. 1). As shown in Fig. 2, plotting 
the time course of the hypotensive effect declining from 
steady state following discontinuation of sodium nitro- 
prusside infusion illustrates adherence to Eq. 7b. 


Calculation of the slopes in Figs. 1 and 2 provides direct 
estimates of rn and mK of -30.1 mm Hg and 1.40 mm 
Hg/min, respectively. Therefore, K can be estimated as 
0.0465 min-l with a corresponding biological half-life of 
14.9 min. This estimate of biological half-life is consistent 
with the rapidly achieved steady-state hypotensive re- 
sponse observed clinically. This relatively short half-life 
supports the prior interpretation of the mean arterial blood 
pressures in Fig. 1 as being reasonable approximations of 
steady-state values. 


This analysis for sodium nitroprusside is exemplary of 
the potential utility of studying the pharmacokinetic 
properties of intravenously administered drugs eliciting 
a quantifiable response. Constant-rate intravenous infu- 
sion of a drug having a relatively short biological half-life 


I I I I I 
0 2 4 6 8 1 0  &? 


MINUTES 
Figure 2-Time course of increasing mean arterial blood pressure 
fallowing discontinuation of sodium nitroprusside infusion. The linear 
regression line is shown (r = 0.99). 


will enable rapid achievement of steady state at each of the 
several infusion rates. Although this technique may not be 
applicable to all drugs, it may provide a basis for practical, 
exploratory analysis of pharmacological effect data for 
drugs such as nitroprusside, diazoxide, nitroglycerin, and 
trimethaphan. 
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Plasma Theobromine after Oral 
Administration of Caffeine t o  Dogs 


Keyphrases Theobromine-caffeine metabolite, plasma levels fol- 
lowing oral administration of caffeine to dogs 0 Caffeine-metabolism 
in dogs, plasma theobromine levels following oral administration of 
caffeine to dogs Metabolism-of caffeine, plasma levels of metabolite 
theobromine following oral administration of caffeine to dogs 


To the Editor: 


Caffeine (1,3,7-trimethylxanthine), a compound in 
coffee, tea, and many other beverages, has been used suc- 
cessfully for the treatment of apnea in premature infants 
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Figure 1-Plasma concentrations of caffeine (0,  Dog A; and 0, Dog 
B) and theobromine (A> Dog A; and A, Dog B) after the morning doses 
on Days 1 and 8 during a 100-mg caffeine twice daily regimen. 


(1). Caffeine is absorbed efficiently following oral doses in 
humans and is eliminated almost entirely by biotransfor- 
mation (2). 


A first step in caffeine metabolism in humans is N- 
demethylation, which may occur at the 1-, 3-, or 7-position. 
It was suggested that the removals of the 3- and 7-methyl 
groups to form 1,7-dimethylxanthine and theophylline, 
respectively, are the major pathways, while the removal 
of the 1-methyl group to form theobromine is of minor 
importance (3). Nevertheless, 5% of an administered dose 
of caffeine was excreted as theobromine in rats (4). An- 
other investigation found the same pathway in beagle dogs 
after single intravenous caffeine doses of 20 mg/kg (5). 


In a recent study in this laboratory (6), the pharmaco- 
kinetics of caffeine were examined after single and re- 
peated oral doses to beagle dogs. Theobromine was de- 
tected as a metabolite in plasma. Significant accumulation 
of this metabolite was observed after multiple caffeine 
doses, as described here. 


Two beagle dogs (1-year-old male, Dog A, 11.4 kg, and 
2-year-old female, Dog B, 11.7 kg) each received one 
100-mg caffeine tablet1 twice daily at 9:00 am and 9:00 pm 
for 8 days. The dogs were fasted overnight before the 
morning doses on Days 1 and 8, after which serial venous 
blood samples were collected. Plasma caffeine and theo- 
bromine were measured by high-performance liquid 
chromatography as previously described (6). Complete 
peak resolution was obtained for caffeine, theobromine, 
and 0-hydroxyethyltheophylline (the internal standard), 
with retention times of 9.6,4.0, and 6.5 min, respectively. 
Other xanthines did not interfere. 


NoDoz, Bristol-Myers, New York, N.Y. 


Individual plasma caffeine and theobromine concen- 
trations in the two dogs are summarized in Fig. 1. Caffeine 
was absorbed efficiently from a single oral dose, reaching 
the peak plasma level a t  1-2 hr. The average elimination 
half-life calculated by nonlinear regression analysis (7) of 
individual data was 4.5 hr. Detectable theobromine levels 
appeared in the plasma at 2 hr following caffeine admin- 
istration, rising slowly to 0.5-0.6 pg/ml a t  8 hr. The peak 
time and normalized peak concentration showed excellent 
agreement with an earlier report (5). After repeated doses 
of caffeine, the drug showed some accumulation as pre- 
dicted from the single-dose data. The average caffeine 
half-life was 3.9 hr, slightly shorter than the single-dose 
case. Of primary interest here, however, was the accumu- 
lation of the metabolite, theobromine. The Day 8 plasma 
levels, apparently a t  steady state, indicated a five- to six- 
fold increase from the single-dose data. 


Results of the present study provided quantitative in- 
formation on N-demethylation of caffeine in the dog to 
form theobromine. While plasma theobromine levels after 
a single caffeine dose were low, significant accumulation 
of this metabolite occurred after repeated caffeine ad- 
ministration. This phenomenon needs to be verified in 
humans. Since theobromine shares some of the common 
pharmacological activities of caffeine and theophylline (8), 
it may be necessary to recognize circulating levels of this 
metabolite when monitoring patients on caffeine 
therapy. 
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Figure %-Schematic diagram of droplet generator. [PVA = poly(uiny1 
alcohol) .] 


provements may be achieved by modifying the polymerization ki- 
netics. 


Further polymeric shell research will be aimed at improving sphericity 
and increasing sizes. To this end, a device known as an acoustically 
modulated fluid jet has been designed and built (Fig. 2.) It is capable of 
producing uniformly sized droplets of polymer solution or melt. The 
solution to the problem of producing large (5 mm), hollow, spherical 
polymeric pellets will likely be solved through an understanding of uni- 
form droplet production. 
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Abstract Incorporation of antigens into nanometer-sized polymer 
particles was recently shown to lead to a good adjuvant effect. An optimal 
antibody response with killed influenza virus antigens was achieved with 
0.5% poly(methy1 methacrylate). Long-term experiments showed pro- 
longed antibody response of polymer adjuvants with incorporated or 
adsorbed influenza virus. Adsorption also yielded an optimal adjuvant 
effect with 0.5% poly(methy1 methacrylate). The antibody response was 
accompanied by protection of the mice against infection with mice- 
adapted influenza virus. In addition, the polymer vaccines were more 
stable against temperature inactivation than were vaccines with alumi- 
num hydroxide or without adjuvants. 


Keyphrases 0 Vaccine, influenza-virus antigen incorporated into and 
adsorbed onto polymer nanoparticles, vaccines with and without adjuvant 
compared for protection in mice and against heat inactivation Poly- 
mers-poly(methy1 methacrylate) and aluminum hydroxide used as 
adjuvants in influenza vaccine, effect of polymer on protection against 
influenza in mice and heat inactivation Microencapsulation-sym- 
posium, incorporation of influenza virus antigens into polymer nano- 
particles compared with their adsorption onto polymer nanoparticles, 
vaccines with and without adjuvant evaluated for protection against in- 
fluenza in mice and heat inactivation 


Nanocapsules or nanoparticles, first described a few 
years ago (1-4), are nanometer-sized delivery systems for 
biologically active materials. This biologically active ma- 
terial may be totally or partially encapsulated, or it may 
be attached to these particles by adsorption or through 
chemical bonding. 


At  present, there are three distinctly different methods 
for nanoparticle production (1). The first method is micelle 
polymerization (2). In this process, polymerization is car- 
ried out in micelles or micelle-like structures in which the 
biologically active material and the polymerizable material 
are present. 
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The second process involves polymerization of an 
aqueous solution of a polymerizable monomer (3, 5). 
During polymerization, the biologically active material is 
incorporated into the polymer particles due to interactions 
with the monomer or the polymer prior to or during poly- 
merization. These interactions were demonstrated by the 
fact that 30% more monomer was clearly soluble in a virus 
suspension containing 3600 hemagglutinating units/ml 
than in a corresponding phosphate-buffered saline without 
virus (6). These 3600 hemagglutinating units correspond 
to 700 IU which approximates the 
content of various commercial vaccines. 


The third process utilizes the rolling-up phenomenon 
of macromolecules (7). This conformational change occurs 


lution ofmacromolecules. The rolled-up macromolecules 
entrap the biologically active material and may be hard- 


ened (for instance, with aldehydes) if gelatin is used as the 
macromolecule. 


This report focuses on the second process, which is 
useful for vaccination when poly(methy1 methacrylate) is 
used as the polymer (3). 


EXPERIMENTAL 


Virus--A~/Hongkong/l/68 influenza virus (X-31 strain) was grown 
in 11-day-old fertile chicken eggs as described by Hoyle (8). The virus 
was purified and concentrated by density zonal centrifugation followed 
by dialysis again& pH 7.2 phosphate-buffered saline. The final suspension 
was inactivated with 0.1% formaldehyde. The hemagglutinin content (9) 
was determined as described by Wood et al. (10). 


The challenge virus, Az/Hongkong/l/68 influenza virus, was adapted 
to mice by multiple passages through mouse lungs. 


neuraminidase were prepared as described by Bachmayer and coworkers 
( 1 ~ 1 2 ) .  


during the addition Of a desolvating agent to a so- Influenza Subunits-The subunits containing hemagglutinin and 


Table I-Antibody Titers (HI Titers) and Corresponding Log2 of Guinea Pig Serum 


Weeks 
Adjuvant Parameter 4 8 12 20 


0.25% I 


0.5% I 


1.0% I 


2.0% I 


Fluid 


HI titer 


HI titer 
log2 F f SD 


146 
7.19 f 0.84 


218 


1871 
10.87 f 1.15 


1136 
log2 f f SD 7.77 f 0.98 10.51 f 1.09 


HI titer 52.3 1607 
log2 f f SD 


log2 f f SD 
5.71 f 1.55 


4.41 f 1.51 
HI titer 21.3 


HI titer 105 


10.65 f 0.82 
657 


9.36 f 1.93 
568 


log2 F f SD 6.71 f 1.63 9.15 f 1.56 


log2 f f SD 7.89 f 1.08 10.33 f 0.87 


log2 f f SD 12.11 f 0.62 12.87 f 0.59 


Dolvacrvlamide locr., f f SI, 8.05 f 1.07 10.11 f 0.94 


0.1% Al(OH)3 HI titer 237 1287 


Freund’s adjuvant HI titer 4420 7492 


0.5% I + 0.5% HI titer 265 1105 


1360 838 


843 891 


768 709 


234 402 


10.41 f 1.32 


9.72 f 1.17 


9.58 f 0.91 


9.71 f 0.99 


9.80 f 0.99 


9.47 f 0.78 


7.87f  1.58 
96 


6.58 f 1.63 


8.65 f 1.86 
241 


7.91 f 1.00 
340 709 


7042 6144 
8.41 f 1.12 9.47 f 1.05 


12.58 f 1.08 


9.33 f 1.26 


12.78f0.66 


9.46 f 0.67 
704 644 


For vaccination scheme and specification of vaccines, see Fig. 1. 
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Figure 2-Znfluence of different contents of polyfmethyl methacrylate) on the antibody response of mice after 28 (a), 36 (b), 64 (c), and 92 (d) 
days. Boosting occurred after 28 days with the same vaccine as was used in the primary vaccination. Key: - 0,  incorporation into poly(methy1 
methacrylate); - - - 0, adsorption onto poly(methy1 methacrylate); and 1, adsorption onto 0.2% aluminum hydroxide. 


Monomer-Methyl methacrylate' was purified from polymerization 
inhibitors by the methods described by Riddle (13) and Tessmar (14). 


Incorporation of Antigen into Poly(methy1 methacrylate) (I) 
Nanoparticles-Methyl methacrylate was dissolved in the antigen 
suspension and then polymerized with y-rays (0.5 mrad) using a cobalt 
60 source. 


Adsorption of Antigen to I Nanoparticles-The monomer was 
polymerized as described; however, pH 7.2 phosphate-buffered saline 
was used instead of the antigen suspension. The resulting particles were 
centrifuged (680Xg for 15 min) and resuspended in the antigen suspen- 
sion after being washed three times with pH 7.2 phosphate-buffered sa- 
line. 


Animals-Female NMRI mice2, 20-24 g, were used. 
Influence of I Content on Antibody Response-Whole influenza 


virions were used as the antigen. The vaccines had a hemagglutinin 
content of 630 IU/ml. Fourteen groups of 10 mice each received 0.1 
ml/mouse, using one of the following adjuvant preparations: fluid without 
adjuvant; fluid incorporated into 0.06,0.125,0.25,0.5,1.0, and 2.0% I; fluid 
adsorbed onto 0.06,0.125,0.25,0.5,1.0, and 2.0% I; and fluid adsorbed 
onto 0.2% aluminum hydroxide. 


The mice were boosted after 28 days with the same vaccine as was used 
in the primary vaccination. Blood was taken before boosting and after 
36,64, and 92 days. 


Effect of Boosting on Antibody Response-Influenza subunits with 
a hemagglutinin content of 630 IU/ml were used as the antigen. Four 
groups of 20 mice each received 0.1 ml/mouse im. The following adjuvant 
preparations were used: fluid without adjuvant, fluid incorporated into 
0.5% I, fluid adsorbed onto 0.5% I, and fluid adsorbed onto 0.2% aluminum 
hydroxide. 


After 21 days, 10 mice of each group were boosted with the same vac- 
cines as were used in the primary vaccination. Blood was taken after 21, 
28,42,70, 125, and 180 days. 


Antibody Determiation-The antibody determination was per- 
formed with the hemagglutination test, using the microtiter method (15, 
16) in U plates with a 0.5% chicken erythrocyte suspension. Serum was 
pooled before determination. 


Heat Stability-Whole influenza virions were used as the antigen. 
The vaccines had a hemagglutinin content of 21 IU/ml and were incor- 
porated into 0.5% I, adsorbed onto 0.5% I, adsorbed onto 0.2% aluminum 
hydroxide, or without adjuvant. Each vaccine preparation was stored for 


Fluka AG, Buchs, Switzerland. 
2 Versuchstier-Zuchtanstalt Willy Gassner, Sulzfeld, Austria. 


0,15,30,60,120, and 240 hr a t  40'. Then 24 groups (four vaccines, six 
storage times) of 20 mice each received 0.1 ml/mouse of one vaccine 
preparation that had been stored for one of the specified time periods. 
One group of 20 mice served as a nonvaccinated control group. Twenty- 
eight days after immunization, the mice were challenged by spray in- 
fection with 50 times the LD50 value of the homologous mouse-adapted 
virus as described by Schulman and Kilbourne (17). The LDso value of 
the challenge virus suspension was calculated according to Reed and 
Muench (18). Infection of the mice was recorded up to 9 days after the 
challenge, and the percentage of morbidity (lung lesions) was calcu- 
lated. 


RESULTS AND DISCUSSION 


Influence of Poly(methy1 methacrylate) (I) Content on Antibody 
Response-For vaccination purposes, it is desirable not to coat the viral 
antigen completely but to incorporate it partially into the particles so the 
antigen can react with the immunocompetent cells of the immunized host. 
The extent of coating can be monitored by the monomer content before 
polymerization (3). This effect is illustrated in Fig. 1. 


Four weeks after vaccination of guinea pigs, the optimal antibody re- 
sponse was obtained with 0.5% I (3). After the 4-week blood samples were 
taken, all animals were boosted with a fluid vaccine. After 8 weeks and 
particularly after 12 and 20 weeks, the differences in antibody response 
between 0.5% vaccines and vaccines with a higher polymer content de- 
creased more and more. The cause for this decrease could be polymer 
decomposition. Thus, more antigen would be exposed to the immuno- 
competent cells of the host and result in a prolonged immunostimulation. 
Indications of polymer decomposition were found recently?. Another 
reason for the decrease in differences between these vaccines could be 
that much less antigen is necessary to provoke a booster-type immune 
response compared with a primary vaccination. 


Since the effectiveness of an immunization can depend on the animal 
species used, it was of interest to determine if the results obtained with 
guinea pigs could be reproduced in mice. Immunization of mice with in- 
fluenza virus antigens seems to be relevant for adjuvant testing not only 
because the antibody response can be determined but because the pro- 
tection after infection with live virus can be measured. Figure 2 shows 
the influence of different contents of I on the antibody response of mice. 
After 28 days, an optimum a t  0.596 polymer was observed with influenza 
virions iicorporated into nanoparticles and with virions adsorbed to 


3 Unpublished results. 
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Figure 3-Effect of boosting on the antibody response of mice. Key: -, 
unboosted groups; - --, boosting after 21 days with the same vaccine as 
was used in the primary vaccination; @, incorporation into 0.5% poly- 
(methyl methacrylate); 0, adsorption onto 0.5% poly(methy1 meth- 
acrylate); X, adsorption onto 0.2% aluminum hydroxide; and A, fluid 
vaccine without adjuvant. 


nanoparticles. The optimum after incorporation shifted to 1% polymer 
after 36 and 64 days. The differences in antibody titers between the dif- 
ferent polymer concentrations decreased after extended time with the 
incorporated and the adsorbed products. With the adsorbed products, 
the differences between the optimal and other polymer concentrations, 
however, were not as distinct as with the incorporated product. Both 
polymer vaccines were superior to aluminum hydroxide if optimal 
polymer concentrations were used. 


It can be concluded that the antibody response in mice against in- 
fluenza vaccines tested in these experiments is similar to the antibody 
response in guinea pigs. Moreover, when influenza is adsorbed onto na- 
noparticles, the antibody response is not as dependent on polymer con- 
tent as it is after incorporation. However, incorporation into optimal 
polymer contents, in general, yielded higher antibody titers than ad- 
sorption. On the other hand, adsorption onto empty nanoparticles has 
the advantages that one batch of particles can be used with different 
antigens and that more drastic polymerization methods may be employed 
that otherwise would destroy the antigen. 


Effect of I Adjuvants on Secondary Antibody Response-The 
effect of revaccination is shown in Fig. 3. Influenza incorporated into I 
always yielded the highest antibody response, whereas adsorption onto 
I and aluminum hydroxide yielded approximately the same response. 


Mice Protection-Mice protection experiments are advantageous 
in that they can show the cooperation of all immune mechanisms fol- 
lowing stimulation by vaccination and not only one immune mechanism, 
namely, antibody response. Although protection data obtained with mice 


I I I  I l l  I V  V V I  
a b c d  a b c d  a b . c d  a b c d  a b c d  a b c d  


VACCINE TYPE 
Figure 4-Protection against mortality after immunization with 
AzJHongkongJlJ68 (hemagglutinin content of the undiluted vaccine 
of500 IUJml) and challenge with 50 times the LDw value of homologous 
mouse-adapted virus. The following vaccine preparations were used: 
Group I, incorporation of the undiluted vaccine into 0.5% poly(methy1 
methacrylate) and dilution together with the polymer; Group II ,  ad- 
sorption of the undiluted vaccine onto 0.5% poly(methy1 methacrylate) 
and dilution together with the polymer; Group III ,  incorporation of the 
previously diluted vaccine into 0.5% poly(methy1 methacrylate); Group 
IV, adsorption ofthe previously diluted vaccine onto 0.5% poly(methy1 
methacrylate); Group V, fluid vaccine without adjuvants; and Group 
VI, adsorption of the previously diluted vaccine onto 0.2% aluminum 
hydroxide. The vaccine dilutions were 1:50 (a), 1:500 (b), 1:5000 (c), and 
1:50,000 (d). Levels of significance are shown in Table II. 


Table 11-Levels of Significance of Protection against Mortality 
af ter  Immunization with Az/Hongkong/l/68 and Challenge with 
50 Times the LD50 Value of Homologous Mouse-Adapted Virus 
Using the x2 Test of Snedecor and Cochran (20) 


Statistical 
Significance 
of Protection Dilution Vaccine4 


I 


I1 


III 


IV 


V 


VI 


150 
1:500 
1:5000 
1:50.000 
150' 
1500 
1:5000 
1:50,000 
1:50 
1:500 
1:5000 
1:50,000 
150 
1:500 
1:5000 
1:50,000 
1:50 
1:500 
1:5000 
1:50,000 
1:50 
1:500 
1:5000 
1:50.000 


NS * 
NS 
NS 
NS 
p < 0.001 
p < 0.05 
NS 
NS 
D < 0.001 
p < 0.001 
p < 0.01 
NS 
p < 0.001 
p < 0.001 
p < 0.01 
NS 
p < 0.001 
NS 
NS 
NS 
D < 0.001 
p < 0.001 
p < 0.001 
NS 


a For vaccine number identification, see Fig. 4. Not significant. 


may not always be relevant for humans, they seem to correlate quite well 
with the effectiveness of the vaccines in humans; therefore, the mice 
protection model is widely used (17). 


One disadvantage of mice protection experiments is that the mice 
cannot be vaccinated with the same antigen content contained in com- 
mercial vaccines since the protection is too good to differentiate between 
efficient and less efficient vaccines. For this reason, the vaccines have 
to be diluted. 


Figure 4 shows the effect of dilution on six different vaccines. The 
experimental procedures were reported previously (19). The levels of 
significance (Table 11) were calculated using the method of Snedecor and 
Cochran (20). The vaccines were diluted 1:50,1:500,1:5000, and 1:5O,OOO. 
Group V represents the four dilutions of the fluid vaccine without adju- 
vants. In Group VI, 0.2% aluminum hydroxide was added to each dilution. 
In Group IV, 0.5% I nanoparticles were added by adsorption onto each 


1 5 3 0  60 120 240 
STORAGE T I M E  A T  40". hr 


Figure 5-Stability of vaccines against heat inactivation showing 
protection of mice against morbidity after immunization with vaccines 
that were stored at  40" for different time periods. The vaccines con- 
tained the following adjuvants: @, incorporation into 0.5% poly(methy1 
methacrylate); 0, adsorption onto 0.5% poly(methy1 methacrylate); 
X, adsorption onto 0.2% aluminum hydroxide; and A, fluid vaccine 
without adjuvants. The mice were challenged with 50 times the LDm 
value of homologous mice-adapted virus. Levels of significance are 
shown in Table III. The influence of heat inactivation tested by the 6 
X 2 contingency table is shown in Table IV. 
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Table 111-Stability of Vaccines against Heat Inactivation: Levels of Significance of the Protection of Mice against Morbidity after 
Immunization with Vaccines that Were Stored at 40’ for Different Timesa 


Vaccine 
Storage Time at  40°, hr 


0 15 30 60 120 240 
~~ ~ ~ _ _ _ _ _ ~  


0.5% Poly(methy1 methacrylate) incorporation p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 


0.2% Aluminum hydroxide adsorption p < 0.001 p < 0.001 p < 0.05 p < 0.01 NS p < 0.05 
Fluid without adjuvant p < 0.05 NS NS NS NS NS 


0.5% Poly(methy1 methacrylate) adsorption p < 0.001 p < 0.001 p < 0.01 p < 0.01 p < 0.001 p < 0.001 


a Levels of significance were determined using the xz test.‘* Not significant. 


Table IV-Effect of Heat Inactivation on the Stability of Vaccines Determined Using a 6 X 2 Contingency Table with x2 Test and 
Evaluation of Linear Regression 8 (21) 


~ ~~ _ _ _ _ ~  


0.5% Poly(methy1 0.5% Poly(methy1 0.2% Aluminum Fluid 
Degrees of methacrylate) methacrylate) Hydroxide without 
Freedom Incorporation, x 2  Adsorption, x2 Adsorption, x2 Adjuvant, x2 


Regression 1 4.77* 0.50 NS 10.13* * * 13.27*** 
Rest 4 2.93 NS 3.07 NS 10.67* 8.50 NS 
Total 5 7.70 NS 3.57 NS 20.80*** 21.77*** 


a * =  p < 0.05, *** = p < 0.001, and NS = not significant. 


dilution; in Group 111, each dilution was incorporated into 0.5% I nano- 
particles. 


In contrast to the latter two groups, in Group I1 the concentrated, 
undiluted vaccine was adsorbed onto 0.5% nanoparticles; in Group I, the 
undiluted vaccine was incorporated into 0.5% nanoparticles. Both vac- 
cines then were diluted 1:50,1:500,1:5000, and 1:5O,OOO. By this procedure 
the polymer was diluted together with the vaccine, resulting in 50- to 
50,000-fold lower polymer concentrations in the final vaccine than in 
Groups 111 and IV. The resulting protection after adsorption onto poly- 
mer in Group I1 was equivalent to that of the fluid vaccine (Group V), 
whereas incorporation into the nanoparticles in Group I yielded much 
lower protection. Possibly too much antigen was covered by the polymer 
so that little or no immune stimulation resulted. These low polymer 
concentrations yielded no adjuvant effect. In contrast, incorporation of 
the previously diluted vaccine into 0.5% polymer resulted in good pro- 
tection, as can be seen in Group 111. 
This experiment demonstrated that mice protection experiments have 


to be designed carefully and that the correct dilution as well as the correct 
dilution procedure has to be selected. 


Heat Stability-Figure 5 and Table 111 show the heat stability of the 
vaccines tested in mice protection experiments. The vaccines were kept 
at 40° for 0,15,30,60,120, and 240 hr. The vaccines with adjuvants were 
more immunogenic than the fluid vaccine; after heating, the I vaccines 
were better than the aluminum hydroxide vaccine. For this reason, the 
nanoparticle vaccines, especially the adsorbed vaccine that is totally 
stable against heat inactivation (Table IV), hold promise for use when 
cooling conditions are not optimal. 


CONCLUSIONS 


Adsorption and incorporation of influenza virus antigen into nano- 
particles yielded very effective vaccines. Their effectiveness was especially 
pronounced in long-term experiments. This result could be demonstrated 
by measurement of antibodies in mice and guinea pigs. The effectiveness 
was clearly dependent on the polymer content, especially after incorpo- 
ration. With an optimal polymer content of 0.596, incorporation yielded 
vaccines that were superior to all other products tested with the exception 
of Freund’s complete adjuvant, which, however, is too toxic for vaccina- 
tion. In addition, the polymer vaccines were more stable against heat 
inactivation than aluminum hydroxide-adjuvanted and fluid vaccines. 
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Abstract Progesterone release from monolithic devices prepared from 
various copolymers of poly(hydroxyethy1 methacrylate) and poly- 
(methoxyethoxyethyl methacrylate) or poly(methoxyethy1 methacrylate) 
was examined. In general, plots of the fraction of drug released versus 
(time)1/2 were linear during the early stages of drug release. This behavior 
is similar to that found for drugs released from hydrophobic polymers 
such as polydimethyl siloxane. However, for some release curves using 
the hydrogels, a breakpoint appeared during the early stages of drug re- 
lease. These breakpoints were due to the effects of water absorption by 
these polymers. From analyses of permeability coefficients, it was dem- 
onstrated that release rates also were dependent on the initial drug load 
and the equilibrium water content of the polymer. These conclusions were 
verified from cross-membrane diffusion studies on films depleted of their 
initial drug load. In conjunction with this work, the aqueous solubility 
of progesterone was determined by several methods; an average value 
of 38 pg/ml at 23" was obtained. 


Keyphrases 0 Hydrogels-progesterone permeation, release from 
monolithic devices of various comonomer compositions evaluated 
0 Progesterone-permeation through hydrogel membranes 0 
Delivery devices, controlled-hydrogel membranes, progesterone 
permeation 


Poly(hydroxyethy1 methacrylate), a synthetic hydrogel, 
was first synthesized by Wichterle and Lim in 1960 (1). 
This polymer and many of its derivatives have been in- 
vestigated extensively for possible biomedical applications 
(2). Among these uses are controlled-release drug delivery 
(3-7). Toward this end, this laboratory has been involved 
with studies on the mechanisms of solute transport 
through hydrogels (8-10). These studies have demon- 
strated that hydrogels are permeable to solutes that are 
only slightly soluble in water (e.g., steroids) and to 
water-soluble solutes including both electrolytes and 
nonelectrolytes. I t  was shown that the transport mecha- 
nisms depend on solute size, the aqueous solubility of the 
solute, polymer hydration, and the nature and concen- 
tration of the cross-linking agent. 


Recently, attention has been devoted to the role of 
polymerization conditions on the transport mechanisms 
and rate (11). Hydrogel films may be prepared under 
various conditions of temperature, initiator concentration, 
additive concentration, and solvent concentration and 
type. A study in this laboratory (11) demonstrated that 
permeability and partition coefficients for progesterone 
in poly(hydroxyethy1 methacrylate) were independent of 
the nature and concentration of the solvents employed 
(e.g., water, ethanol, and tert-butanol). 


In this study, progesterone release from monolithic 
hydrogel devices was examined as a function of polymer 
composition, initial drug load, and initiator concentration. 
Planar and rod-shaped hydrogel devices were prepared 
from poly(hydroxyethy1 methacrylate) and some of its 
derivatives. Progesterone was added to the monomer so- 
lution prior to polymerization. In all cases, polymerizations 


were carried out in the absence of a solvent, and the con- 
centration of progesterone exceeded its saturation solu- 
bility when these devices were fully hydrated. Analyses of 
data obtained from the release of progesterone from rod- 
shaped monolithic devices and from transport studies on 
drug-depleted films revealed that: ( a )  permeability coef- 
ficients were dependent on the initial drug load, ( b )  initial 
release rates were dependent on the rate of water uptake 
by the devices, and (c) steady-state release rates were de- 
pendent on polymer hydration. 


EXPERIMENTAL 


Materials-Hydroxyethyl methacrylate' was a highly purified sample 
(9) and was used as received. Methoxyethyl methacrylate and methox- 
yethoxyethyl methacrylate were synthesized from methyl methacrylate2 
by transesterification with the appropriate alcohol. Azobis(methy1iso- 
butyrate) was synthesized by the method of Mortimer (12). 


Progesterone3 and [1,2-3H]progesterone4 were used as received. TLC 
analyses, with 20% (v/v) ethyl acetate in toluene as the developing re- 
agent, indicated that the progesterone was pure. Only one spot was de- 
tectable under UV light. Radiolabeled progesterone had the same Rf 
value as the unlabeled material with >95% of the detectable activity as- 
sociated with the primary spot. The remaining radioactivity was dis- 
tributed uniformly on the plate. 


Methods-Rod-shaped monolithic hydrogel devices were prepared 
in a polyethylene mold by polymerization at  60" for 24 hr. Azo- 
bis(methy1isobutyrate). at a concentration of 7.84 mmoleshter of the 
monomer, was used as the initiator. Prior to polymerization, a mixture 
of labeled and unlabeled progesterone was dissolved in the monomer to 
obtain a homogeneous solution. The maximum concentration utilized 
approximated the saturation solubility of a drug in the monomer. The 
dimensions of the dried devices used in the experiments were -4 (height) 
X -0.5 (diameter) cm. 


Planar monolithic hydrogel devices were prepared using similar 
techniques, except only unlabeled drug was utilized. The thickness of the 
dried samples was -0.03 cm. 


Progesterone release studies on the rod-shaped devices were conducted 
at room temperature (23 f 1.0") in a 1-liter beaker containing 900 ml of 
deionized water. All release experiments were performed in duplicate. 
To reduce boundary layer effects, the aqueous phase was stirred con- 
tinuously at 1600 rpm by externally mounted, constant-speed synchro- 
nous motors. The devices were supported in the cell via metallic holders 
made from nickel-chrome wire. At  selected intervals, usually every hour 
in root time, the medium was replaced with fresh deionized water. Under 
these conditions, the progesterone concentration in the aqueous phase 
was far below saturation (<lo% of the saturation solubility) so that sink 
conditions were maintained. The amount of progesterone released was 
determined by withdrawing -0.5 ml of sample in triplicate. These sam- 
ples were weighed in tared vials, 10 ml of scintillation fluid5 was added, 
and the contentration was determined using a scintillation countefi. 


Water influx experiments were performed on rod-shaped monolithic 
devices prepared in a fashion analogous to that described, except that 
the labeled drug was omitted. At selected intervals, the devices were re- 


Courtesy of Hydron Laboratories, New Brunswick, N.J. 
2 Aldrich Chemical Co., Milwaukee, Wis. 


Steraloids Inc., Pauling, N.Y. 
New England Nuclear, Boston, Mass. 
Formula 950A, New England Nuclear, Boston, Mass. 


6 Model 3385, Packer Instrument Co.. Downers Grove, 111. 
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moved from the water bath and weighed. Surface water was removed with 
tissue paper prior to weighing. 


Permeability coefficients were determined on the planar devices in an 
all-glass diffusion cell at room temperature (23 i 1') (8,Q). Prior to these 
permeation experiments, the films were depleted of the initial drug load 
by placing them in a large volume of water. The aqueous phase was stirred 
continuously and exchanged at  regular intervals. Drug release was fol- 
lowed by UV spectroscopic measurements. Film thicknesses were de- 
termined with a lightwave micrometer'. The water content of the hy- 
drated films was determined as described previously (8). 


Partition coefficients, K d .  defined as the ratio of the drug concentration 
in the film and in the bulk aqueous phase, were determined by a solution 
depletion technique (8) in which 20 ml of progesterone was allowed to 
equilibrate with a known volume of polymer. The aqueous phase con- 
tained both labeled and unlabeled drug. Adsorption of the drug onto glass 
and the initial aqueous phase concentration of the drug did not affect the 
values obtained. 


Three methods were utilized to determine the aqueous solubility of 
progesterone. In the first method, a rod-shaped hydrogel matrix device 
containing labeled and unlabeled drug was placed in an aqueous solution 
in a covered beaker. The aqueous phase was stirred continuously, and 
the concentration was checked repeatedly until a constant value was 
reached. 


The second method was similar to the first, except that several rod- 
shaped hydrogel devices containing both labeled and unlabeled drug were 
placed in an open beaker. The aqueous phase was stirred continuously. 
The volume of the aqueous phase decreaged over time. The aqueous phase 
concentration was monitored until a steady-state value was reached. At 
this time, the aqueous phase was passed through a glass membrane filter 
until successive portions produced the same value. 


In the third method, excess solid progesterone was added to a beaker 
containing -1 liter of water. This solution was sonified for -6 hr. The 
solution was allowed to cool and then was left undisturbed for 2 days. The 
resulting supernate was filtered through a glass filter, and the concen- 
tration was determined by UV spectroscopy. 


RESULTS AND DISCUSSION 


Progesterone Release from Monolithic Hydrogel Devices-The 
release of medicaments from monolithic devices has been investigated 
extensively (4,13-16). Equations that describe the release rate based on 
Fick's laws have been developed for several common shapes (13,16). For 
rod-shaped monolithic devices prepared from polydimethyl siloxane, 
Roseman (14) showed that time release profiles could be described by 
the following equation: 


(1 - F) In (1 - F )  + F = Kt  (Eq. 1) 
where: 


(Eq. 2) 


a n d  


F = fraction released at  time t (seconds) = M t / M ,  
Mt = amount of drug released (milligrams) at time t 
M, = total amount of drug released (milligrams) a t  infinite time 
C, = saturation solubility of drug in polymer (milligrams per cubic 


CO = initial drug concentration in matrix (milligrams per cubic 


ro = radius of the cylinder (centimeters) 
D = diffusion coefficient (square centimeters per second) 


centimeter) 


centimeter) 


When F is plotted versus the square root of time using Eq. 1, a nonlinear 
relationship results such that increasing negative deviations from lin- 
earity occur over time (14). At early times, Eq. 1 can be simplified to 
(14): 


(Eq. 3) 


From Eq. 3, it is apparent that a plot of F versus t'I2 should be linear 
during the early stages of drug release and that the release rate should 
be dependent on the saturation solubility of the drug in the polymer, its 
diffusion coefficient in the polymer, and the radius of the device. These 
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Figure 1-Plots of water uptake (0) and fraction of drug released (0) 
versus t1I2 for polyfiydroxyethyl methacrylate) with an initial drug load 
of 16% (wlw). 


conclusions were verified experimentally for such hydrophobic polymers 
as polydimethyl siloxane (13,14). 


Figures 1 and 2 are plots of F versus t lI2 for progesterone release from 
rod-shaped hydrogel devices. A breakpoint in these release curves is 
clearly evident during the early stages. The existence of these breakpoints 
was confirmed from plots of AMJAt versus t .  This function is constant 
in each case until -8 hr in root time. At  longer times, AMt/At  again is 
constant but its value is somewhat greater. 
ALSO given in Figs. 1 and 2 are plots of the water uptake of these devices 


(defined as the increased weight of hydrated polymer per initial weight 
of the nonhydrated device) versus the square root of time. The break- 
points in these curves correspond with those in the drug release curve. 
Based on this finding, it may be inferred that the influx of water affects 
the initial release rate of the drug. From the observed smaller slope in the 
drug release curve prior to the breakpoint, it may be concluded that drug 
release is slower during the early stages of release. 


Since hydration of these devices occurs simultaneously with drug re- 
lease, it is difficult to define precisely the reasons for this initial decreased 
release rate. The situation is complicated further by the fact that the 
existence of these breakpoints in the drug release profiles was not ob- 
served universally. In other systems examined (Table I), which differed 
in the initial drug load or in the monomer composition, breakpoints in 
the drug release profiles were not found. Of particular interest was the 
fact that a breakpoint was not observed in the system prepared with 
methoxyethoxyethyl methacrylate. This device has the highest equilib- 
rium water content; therefore, it was expected that release from this 
device would be most affected by water uptake. 


Some insight into the events that control release was obtained from 
visual inspection of the devices during hydration. As noted, these mo- 
nolithic devices were prepared by dissolving progesterone in the monomer 
and then polymerizing. Subsequent to polymerization, the devices are 
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Figure 2-Plots of water uptake (0) and fraction of drug released (0) 
versus t1I2 for a copolymer of methoxyethoxyethyl methacrylate and 
hydroxyethyl methacrylate (monomer mole ratio of 2:l). The initial 
progesterone load was 9.1 % (w/w). 
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Table I-Release Characteristics for Progesterone from Monolithic Hydrogel Devices 


Initial Permeability Slope of Water 
Drug Load, x 106, Water Influx Saturation Q X lo5, Appearance of 


System Monomers" % (w/w) cm2/sec Plot, hr-'I2 Time. hr1I2 cm/sec BreakDoint 


1 M 
2 67% M, 


33% H 


7.8 
9.1 


3 H 16.7 
13.0 
9.1 
4.8 
9.1 


8 67% H, 9.1 
20%'0 


33% 0 


3.64 
2.01 


1.55 
1.22 
1.05 
0.88 
0.61 


0.44 


0.44 
0.78 


0.60 
0.63 
0.65 
0,67 
0.34 


0.46 


14 
8.2 


8 
9.5 
7.5 
7.5 
8.0 


8.5 


3.91 No 
5.56 Yes 


5.09 Yes 
4.18 
3.35 
2.30 


No 
No 
No 


1.34 No 


1.53 No 
_. - 


M is methoxyethoxyethyl methacrylate, H is hydroxyethyl methacrylate, and 0 is methoxyethyl methacrylate. 


Table 11-Comparison of Permeation Parameters from Monolithic Devices and Drug-Depleted Films 


Db X lo8, Dc X 108, 
cmZ/sec cm2/sec 


Initial P x 106 W f  
(after Drug Drug Load, P x 106 (from W f  


Monomersa % (w/w) (from Matrix) Cross-Membrane) (with Drug) Depletion) K d  


M 7.8 
67% M, 33% H 9.1 
H 16.7 
H 13.0 
H 9.1 
H 4.8 
80% H, 20% 0 9.1 
67% H, 33% 0 9.1 


3.64 
2.01 
1.55 
1.22 
1.05 
0.88 
0.61 
0.44 


- 


1.84 
1.50 


1.05 
0.88 
0.57 


- 


- 


0.38 - 130d 2.80 
0.36 0.54 141 1.43 
0.34 0.43 130 1.19 
0.35 - 12gd 0.95 
0.35 0.43 143 0.73 
0.35 0.43 127 0.69 
0.24 0.37 212 0.29 
0.25 - 192d 0.23 


- 


1.30 
1.15 


0.73 
0.69 
0.27 


- 


- 


a M is methoxyethoxyethyl methacrylate, H is hydroxyethyl methacrylate, and 0 is methoxyethyl methacrylate. From matrix release studies. From cross-membrane 
studies. For polymer with 0% initial drug load. 


clear, which suggests that progesterone is dispersed molecularly in the 
polymer matrix. Upon contact with water, progesterone located at the 
outer portion of the device precipitates. This zone of precipitation pro- 
ceeds inwardly with time. More importantly, the time required for 
completion of this process appears to coincide with the breakpoints in 
the water uptake curves. This finding implies that the outer regions, 
where progesterone precipitation has occurred, must be fully hydrated, 
or nearly so, a t  very early times. This result is significant since drug re- 
lease occurs from this region during the early stages. 


The following information may be concluded concerning drug release 
during the early stages: (a) solute release occurs only from the outermost 
regions of the devices, ( b )  the parameters that normally affect release 
(e.g., solubility of drug in the matrix, partitioning, and hydration) are 
probably constant, and (c) water influx occurs uia diffusion through this 
outer hydrated region. Previous work (9, 10) demonstrated that both 
water transport and the permeation of steroids occur predominately 
within the water-filled channels or pores of the hydrogels. This obser- 
vation suggests that during the early stages of release, a counterflow of 
solute and solvent must occur in these water-filled channels. *his 
counterflow could affect the release rate by providing an additional re- 
sistance to flow. The magnitude of this effect should be dependent on 
the relative rates of drug efflux and water influx. 


An empirical parameter, Q, will be developed to serve as a semiquan- 
titative measure of the magnitudes of these crossflows. The magnitude 
of Q will be compared with the experimental results obtained from the 
drug release curves. 


The rate of drug efflux from monolithic devices during the early stages 
of release is given by Eq. 3. The amount of drug released at  infinite time, 
M,, is given by *r&Co. Substitution of this value for M, in Eq. 3 
gives: 


Mt = (8*2h2DCoC,r~t)1/2 (Eq. 4) 


Mt = (8*2h2riCoCwPt)1/2 (Eq. 5) 


or by substitution of the permeability coefficient, P, for DKd: 


Differentiation of Eq. 5 gives the release rate: 


For the various devices investigated, the values of h, ro, and C, are con- 
stant. Therefore, the relative drug release rate can he expressed by 


( d M t / d t ) a m .  The permeability coefficients were obtained via Eqs. 
1 and 2. For systems that produced a breakpoint, P was obtained from 
the slope of the line above the breakpoint. The values of P are listed in 
Table I. 


The relative rate of drug efflux from the various devices should be 
dependent on CO and P [ ( d M , / d t ) c y m .  This relative release rate also 
should be dependent on the relative rate of water uptake by the devices. 
Equations that quantitatively state the water influx rate by devices with 
cylindrical geometry have not been developed. However, i t  is apparent 
that the relative rates must be proportional to the slope, p, of a water 
uptake uersus t plot. 


It was hypothesized that drug release should be affected by the relative 
rates of solute and solvent crossflows in the water-filled channels or pores 
of the device. The magnitude of these crossflows should be proportional 
to the product of the relative rates of drug efflux and water influx. 
Therefore, the empirical parameter, Q ,  is defined as the product of these 
relative rates: 


Q = P & G  (Eq. 7) 


where /3 is a measure of the relative rate of water influx. This semiem- 
pirical parameter should provide a relative measure of the effects of water 
uptake on the release of solutes from hydrogel devices. 


to 5.56 X cm/sec. 
However, a breakpoint in the drug release curve arises only when Q is 
>-5 X cm/sec. Thus, as the magnitude of the solute and solvent 
crossflows increases (as measured by Q) ,  breakpoints occur in the drug 
release curve. This situation can also explain the lack of a breakpoint in 
the drug release curve for methoxyethoxyethyl methacrylate since the 
water uptake rate by this device is relatively slow (Table I). The magni- 
tude of the counterflow of solute and solvent is small; thus, a breakpoint 
in the drug release profile is not observed. 


Progesterone Transport in Drug-Depleted Films-In the devel- 
opment of the permeability Coefficients listed in Table I, the aqueous 
solubility of the solute, progesterone, in water must be known. For the 
present study, a value of 38 pg/ml was utilized based on the average value 
obtained from the three techniques described for the measurement of 
the aqueous solubility. This value is suhtantially higher than that of 12.6 
pg/ml given by Roseman (14) and that of 27 pg/ml given by Sundarum 
and Kincl(l7). Both of these values were obtained at  37O, whereas the 
value used in this study was obtained at  23'. 


This uncertainty in the value for the aqueous Solubility of progesterone 


The Q values (Table I) range from 1.33 X 
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leads to a considerable uncertainty in the P values listed in Table I. Thus, 
a second method was developed to determine progesterone permeability 
in the monolithic devices. When permeability is assessed from studies 
of the transfer rate of solute across a thin film, the P values can be ob- 
tained directly from plots of a concentration variable uersus time. It was 
shown previously (9) that when the solute has a high film-water partition 
coefficient, the following equation can be utilized to obtain the perme- 
ability coefficient: 


(Eq. 8) 


where: 


V = compartment volumes (176 ml) 
C1= concentration in Compartment I at onset of steady state ( t W )  
Cz = concentration in Compartment I1 at  onset of steady state 
CI = concentration in Compartment I a t  tEa (anytime during steady 


Cq = concentration in Compartment I1 a t  tss 
state) 


A = membrane area (14.2 em2) 
1 = wet membrane thickness 


Table I1 is a summary of the values of P, D, and K d  obtained from 
measurements on hydrogel films. These films were prepared with the 
initial drug loadings listed in Table I1 and then subsequently were de- 
pleted of drug prior to the permeation experiments. The P values ob- 
tained via this method are in excellent agreement with those obtained 
from the progesterone release studies with rod-shaped devices. 


This agreement between the P values obtained from the release studies 
and the transport studies provides further evidence that the aqueous 
solubility of progesterone is close to 38 pg/ml. In fact, this combined 
method for the determination of the permeability may be excellent for 
the determination of the solubility of slightly soluble solutes in aqueous 
solution. 


Sufficient data are available in the paper by Roseman (14) to estimate 
the aqueous solubility of progesterone at  37’ using this technique. 
Roseman reported diffusion coefficients in polydimethyl siloxane of 16.5 
X cm2/sec (estimated from matrix release studies) and 4.50 X lo-’ 
cm2/sec (obtained from membrane transport studies). With these values 
and 0.572 mg/ml for C, and 50.2 for K d .  the aqueous solubility of pro- 
gesterone is 42 pg/ml via Eq. 5. This result is in good agreement with that 
obtained in the present study. 


The permeation parameters shown in Tables I and I1 may be utilized 
to understand the various factors that control the release of solutes from 
monolithic hydrogel devices. 


From a comparison of the P values with the equilibrium water contents, 
W,, it is apparent that permeability increases as the equilibrium water 
content of the polymer increases. This conclusion is consistent with 
previous results (8,9). The K d  values shown in Table I obtained on the 
depleted films are also consistent with the previous work, suggesting that 
the incorporation of drug into the device with its subsequent precipitation 
does not affect the equilibrium solubility of progesterone in the polymer 
matrix. 


However, drug incorporation is not without effect on the transport 
properties of the matrix. This effect is demonstrated by the comparison 


of P values obtained from transport studies (with no added drug) with 
those obtained in the presence of drug. In each case, the permeability of 
the drug-filled polymers is greater. This effect is proportional to the initial 
drug load, as demonstrated by studies with devices prepared from hy- 
droxyethyl methacrylate. As the initial drug load decreases, the perme- 
ability decreases and approaches the value obtained from films prepared 
without drug. This result may indicate that the ultimate precipitation 
of progesterone in the matrix devices affects the average pore size of the 
matrix phase. Previous work (8,9) demonstrated that the pore mecha- 
nism dominates progesterone permeation in hydrogels of the type utilized 
in the present study. It is expected that the presence of solid drug par- 
ticles would affect the formation of these pores and, therefore, lead to 
the observed increases in permeability. 
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BOOKS 


REVIEWS 


Goodman and Gilman’s The Pharmacological Basis of Therapeu- 
tics: 6th Ed. Edited by ALFRED GOODMAN GILMAN, LOUIS S. 
GOODMAN, and ALFRED GILMAN. Macmillan, 866 Third Ave., 
New York, NY 10022.1980.1843 pp. 18 X 26 cm. Price $45.00. 
This latest edition of L. S. Goodman and A. Gilman continues a 


time-honored tradition of serving as an accurate source of past and 
present knowledge upon which therapeutics is based. It differs from its 
predecessors, however, in the recognition that diseases are dynamic and 
that standard therapy is inadequate to meet the needs of a patient who, 
for example, has a myocardial infarction accompanied by diabetes mel- 
litus. Much emphasis is placed on individualization of therapy, the need 
for compliance, and the results of noncompliance. 


Principles of pharmacokinetics and biotransformation patterns appear 
in the early chapters and reappear in Appendix I1 under the heading 
Design and Optimization of Dosage Regimens along with pharmacoki- 
netic data pertaining to oral availability, urinary excretion, plasma 
binding, and clearance of 100 widely used agents to expedite drug selec- 
tion by the physician. The intervening chapters reflect those areas that 
have advanced rapidly in recent years-autonomic and antihypertensive 
agents, anti-inflammatories, autacoids, antineoplastics, and antimicro- 
bials-and those that haven’tlocal anesthetics, cathartics, antianemics, 
salts and ions, vitamins, and oxytocics. 


Looking back 4 decades a t  the first edition, when pharmacology was 
discarding the mantle of materia medica and computer technology was 
a t  the abacus stage, the reviewer is impressed with the amount of basic 
material then available, with the skill of the two authors who organized 
the information so logically and clearly, and with the realization that 
practitioners without an understanding of prodrugs, receptor configu- 
rations, pharmacokinetics, food and drug interactions, and the phe- 
nomena of tolerance and addiction could practice medicine reasonably 
well. In this edition, 55 contributors, some of whom are specialists in areas 
unheard of a few decades ago, have produced a noteworthy successor to 
earlier editions that will enable those who utilize therapeutic skills di- 
rectly or indirectly in patient management to achieve a refinement in 
combating disease hitherto unequaled. 


Reviewed by David E. Mann, Jr. 
School of Pharmacy 
Temple University 
Philadelphia, P A  19140 


Biochemical Applications of Mass Spectrometry: First  Supple- 
mentary Volume. Edited by GEORGE R. WALLER and OTIS C. 
DERMER. Wiley, 605 Third Ave., New York, NY 10016.1980.1279 
pp. 21 X 28 cm. Price $150.00. 
The editors of Biochemical Applications of Mass Spectrometry: First 


Supplementary Volume are to be congratulated on a job well done. Be- 
tween the covers of this book (which are separated by 4.6 cm of pages), 
the novice and the experienced mass spectrometrist alike can find valu- 
able information relating to a host of mass spectrometry-related topics. 
A section on instrumentation (spectrometers and data systems) is fol- 
lowed by one on the interpretation of mass spectra. Emphasis is on the 
data systems found in 10 of the leading mass spectrometry laboratories 
around the world and on computer-based identification of unknowns. 
Inclusion of a general chapter discussing the interpretation of spectra 
might have been desirable a t  this point. 


These two sections are followed by the major section-ap- 
plications-containing approximately 30 chapters covering nearly all 
of the topics in which biochemists and scientists in related fields would 
have an interest. Although many of these chapters discuss chemical- 
ionization and field-desorption-based analyses, this reviewer finds it 
unfortunate that no chapters are dedicated specifically to these two im- 
portant techniques. Chapters discussing z5zCf plasma desorption mass 
spectrometry and negative-ion mass spectrometry are included. The 
emphasis of most of the applications chapters is on structure elucidation, 
but quantitation is by no means ignored and Chapter 37 covers this topic 
exclusively. (I must disagree with the authors of this chapter on one point: 
isotope effects are not always “negligible,” and a labeled compound need 


not behave “isographically” with the analogous unlabeled compound in 
all chromatographic systems.) 


Some of the applications chapters are descriptive, and several are 
highly detailed and crammed with fragmentation pathways complete with 
mechanisms. Chapter 25 (flavor components) should be of special value 
to students and teachers involved in learning about basic mass spec- 
trometry since it contains numerous fundamental fragmentation path- 
ways plus simple but highly illustrative spectra. This chapter also an- 
swered a question some of us home gardeners have asked for years-what 
is the source of the characteristic aroma produced by tomato plant leaves. 
The answer-2-isobutylthiazole. Chapter 34 (Volatiles Emitted by Hu- 
mans) reports on some “way-out” applications of mass spectrometry, but 
it is short on hard data. 


Classic chapters include those on fatty acids, amino acids and amino 
acid sequencing, steroids, hormones, flavonoids, vitamins, and carbo- 
hydrates. Newer fields covered equally well are pheromones, drug me- 
tabolism, pollutants, and clinical medicine. The value of derivatization 
and GLC-mass spectrometry is made abundantly clear by many of the 
authors, and some speak with hope about liquid chromatography-mass 
spectrometry. All chapters contain useful lists of recent references. 


This book should be a welcome addition to the libraries of natural 
products, synthetic organic and drug metabolism chemists, many persons 
involved in biological studies where structure elucidation and quanti- 
tation are necessary for advances, and researchers working on environ- 
mental problems. 


Reviewed by William J. A. VandenHeuvel 
Merck Sharp & Dohme Research 


Laboratories 
Rahway, NJ 07065 


The first supplementary volume continues the standard of excellence 
established in the original compendium of biochemical mass spectrometry 
[cf., Book Reviews, J.  Pharm. Sci., 62,516 (1973)l. Largely written by 
the original authors, as the subtitle indicates, the discussions and the 
reference, figure, and table numbering continue from the earlier review. 
The editors have maintained consistent styles among the 35 chapters 
contributed by nearly 80 authors. Section I, Instrumentation, begins with 
a useful discussion of newer ionization and sample handling techniques 
(Chapter 2). Of less interest to the nonspecialist is the discussion on Data 
Acquisition and Processing in the following chapter. 


Section 11, Interpretation of Mass Spectra, describes the latest ad- 
vances and utility of metastable ions as an aid to interpretation (Chapter 
5). Compound Identification by Computer Matching (Chapter 6) might 
be helpful to those contemplating purchasing access to the MSDC/ 
EPAfNIH MSSS system. On the other hand, the computer programs, 
the basis for the discussion on automated scientific inferences (Chapter 
7), may not be readily accessible. 


Section 111, Applications, comprising 30 chapters and over 1000 pages, 
more than amply fulfills the editors’ objective to promote mass spectro- 
metric research capabilities and interests in a diverse group of investi- 
gators. Building on the discussions of the original volume, the experts 
chosen to write the individual chapters clearly develop guidelines for the 
interpretation of the various classes of compounds encountered in bio- 
chemistry and organic chemistry. Both the expert and novice would 
benefit from these reviews in the elucidation of unknown structures. The 
chapters in this section are filled with structures, fragmentation patterns, 
and mass spectra. Each review appears to have referenced the literature 
through 1977, with a significant number of them containing several ref- 
erences from 1978 and a few references from 1979. It should be relatively 
easy to locate the most recent articles working from the combined ref- 
erence list of both volumes and Science Citation Index. 


The negative-ion review is very timely. Notable omissions from the 
supplementary volume is the review of positive-ion chemical-ionization 
and field-ionization/desorption. More recent reviews should be consulted, 
rather than the original volume, for a background in these areas. The 
original volume, still in print, should be consulted for the more funda- 
mental interpretation of the various classes of compounds. In summary, 
the complementary volumes should be in every book collection in insti- 
tutions where mass spectrometry is being used. 


Reviewed by A. I. Cohen 
Squibb Institute for Medical Research 
Princeton, N J  08540 
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Abstract 0 The preparation and properties of nylon microcapsules 
containing three different matrixes (formalized gelatin, calcium alginate, 
and calcium sulfate) are described. Microcapsules containing each matrix 
were dense and free flowing and could be made of very small diameter 
by controlling the stirring speed during nylon formation. The preparation 
of microcapsules containing calcium alginate employed freeze-drying 
procedures. Lyophilization was not necessary with the formalized gelatin 
and calcium sulfate systems. Various representative drugs (anionic, 
cationic, nonionic, quaternary, and amphoteric compounds) were used 
in the formulation studies. The effects of pH, matrix, and encapsulated 
species on retention of drug in the microcapsules are described. In ad- 
dition, the surface morphology of the microcapsules was examined using 
scanning electron microscopy. 


Keyphrases Nylon microcapsules-preparation and properties, 
various matrixes and drugs, effects of pH, matrix, and encapsulated 
species on retention of drug during formulation Matrix, microcap- 
sules-formalized gelatin, calcium alginate, and calcium sulfate, influence 
of matrixes on properties of nylon-encapsulated pharmaceuticals 0 
Microencapsulation-symposium, influence of matrixes on properties 
of nylon-encapsulated pharmaceuticals 


The preparation of dense, free flowing, drug-containing 
microcapsules can improve certain physical characteristics 
of formulations such as compressibility and flow. In ad- 
dition, the microencapsulation process has been utilized 
to modify drug release, to improve drug stability, and to 
permit the mixing and storage of reactive or incompatible 
materials (1). The types of wall materials and preparation 
methods of microcapsules were reviewed extensively by 
Madan (2). Microcapsules can range in diameter from 
nanometers to millimeters, depending on the material to 
be encapsulated and the ultimate product use. Micro- 
capsules for oral preparations have been prepared with 
nonbiodegradable membranes including nylon (3-6), 
ethylcellulose (7-91, cellulose acetate phthalate (lo), 
polystyrene, and cellulose nitrate (11). dl-Polylactic acid 
(12) and albumin (13-16) have been employed as mem- 
branes for biodegradable microcapsules for injectable 
preparations. 


BACKGROUND 


Nylon is a polyamide formed from the reaction of a diamine and a di- 
acid halide. Since several different types of nylon can be formed by al- 
tering the carbon chain length or configuration in the amine or diacid and 
since each alteration may change the permeability of the resultant film, 
nylons seem to offer an excellent array of possibilities for the microen- 
capsulation of pharmaceuticals (17). However, the application of nylon 
to microcapsules has generally been limited to the encapsulation of large 
molecules such as proteins and enzymes. For example, Chang and co- 
workers (18-20) formulated and used encapsulated enzymes to treat 
enzyme deficiencies. The microencapsulated enzymes are immobilized 
and are prevented from leaking out of the capsule, thereby preventing 
hypersensitivity or other immunological reactions. However, the enzymes 
can act on small molecule substrates, which can dialyze across the 
semipermeable nylon membrane (21). Pharmaceuticals that have been 
encapsulated in nylon include pentobarbital sodium (3,6), phenothiazines 
(4), and sulfathiazole sodium (5,22). 


The present investigators (5,22) employed a nylon membrane to en- 
capsulate sulfathiazole sodium as a soluble model compound. The en- 
capsulation essentially combined the nylon microencapsulation technique 
of Chang et al. (19) with the gelatin micropellet method of Tanaka et al. 
(23). The resulting microcapsules consisted of drug embedded in a core 
of formalized gelatin surrounded by a nylon membrane. Microcapsules 
containing a solid matrix within the nylon membrane are easily separable 
by light trituration, following the drying step. In contrast, drug-containing 
capsules with no matrix tend to stick together, and levigation procedures 
to separate the capsules often damage the microcapsules. In addition, 
matrix-containing particles are dense and gritty and do not adhere to- 
gether. These capsules have excellent flow properties and can be made 
of very small diameter by controlling the stirring speed during nylon 
formation. 


In the present study, several different pharmaceuticals were encap- 
sulated using the nylon technique. In addition to formalized gelatin, two 
other matrixes, calcium sulfate hemihydrate and calcium alginate, were 
investigated. The efficiency of the process with respect to the drug con- 
tent inside the microcapsules was measured by assaying the dried mi- 
crocapsules and the external organic medium employed. The surface 
morphology of the resulting microcapsules was examined by scanning 
electron microscopy. 


EXPERIMENTAL 


Materials-The following were used chloroform', cyclohexane', 
gelatin USPl, formalin' (formaldehyde solution USP, 37%), 1,6-hexa- 
methylenediamine2, sebacyl chloride2, caffeine2, theobromine2, sul- 
fathiazole sodium3, methantheline bromide4, benzalkonium chloride5, 
phenytoine, diphenhydramine hydrochloride6, diazepam7, theophyllines, 
morphine sulfateg, sodium alginate'O, and calcium sulfate hemihy- 
drate". 


Preparation of Microcapsules-Nylon-coated microcapsules con- 
taining matrixes of formalized gelatin, calcium sulfate, and calcium al- 
ginate were prepared. The microcapsules were formulated to contain a 
matrix-to-drug ratio of 2:l. The content of matrix chosen represents the 
amount needed to provide a workable viscosity of the aqueous phase 
during microcapsule preparation. 


For the preparation of formalin-treated nylon gelatin microcapsules, 
30 ml of aqueous 0.4 M hexamethylenediamine solution was added to an 
equal aqueous volume containing 5 g of gelatin and 2.5 g of drug. This 
solution was emulsified in 300 ml of an organic phase (cyclohexane- 
chloroform, 41) using a suitable mixer12. A nylon membrane was formed 
at  the interface of the emulsified droplets by the slow addition of 1.2 ml 
of sebacyl chloride in 300 ml of the organic phase. The reaction vessel then 
was cooled to 5' in an ice bath. Next, 10 ml of 37% formalin was added 
to harden the gelatin matrix, and the reaction vessel was maintained at  
5' for 12 hr. The microcapsules then were separated from the organic 
phase and dried at  37' to constant weight. 


Nylon microcapsules containing a calcium sulfate matrix were prepared 
similarly. Initially, 7.5 ml of the hexamethylenediamine 'solution was 
added to 10 g of calcium sulfate hemihydrate and 5 g of drug. The addi- 
tion of 3.5 ml of water to this mixture resulted in 20 ml of thick suspen- 


Fisher Scientific Co., Fair Lawn, N.J. 
Eastman, Rochester, N.Y. 


3 Mallinckrodt, St. Louis, Mo. ' Searle and Co., San Juan, Puerto Rico. 
Winthrop Laboratories, New York, N.Y. 


fi Parke-Davis and Co., Detroit, Mich. 
7 Hoffmann-La Roche, Nutley, N.J. 
6 Knoll Pharmaceuticals, New York, N.Y. 
9 Merck & Co., Rahway, N.J. 


lo Kelcosol, Kelco Co., Chicago, Ill. 
l1 Plaster of Paris. 
'2 Eppenbach. 
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Table I-Partitioning of Drug between Microcapsules and the 
Organic Phase 


Formalized Calcium Calcium 
Drug Gelatin Sulfate Alginate 


Sulfathiazale sodium 
Sodium salicylate 
Methantheline bromide 
Benzalkonium chloride 
Phenytoin 
Diazepam 
Caffeine 
The0 hylline 
Theogromine 
Diphenhydramine 


hydrochloride 
MorDhine sulfate 


>99:1 
2 9 9 1  


b 
b 


- 
- 


>991 
9010 
7525 
6931 (>991)c 


56:44 
>991 


85:15 


>99:1 
299:l 


- b  
- b  


>991 
7525 
6634 
- b  


>991 
41:59 


96:4 


299:l 
2 9 9 1  


- b  
-b  


2 9 9 1  
8812 
7525 


1 9 9 1  
>991 


4060 


955 


0 Expressed as the ratio of ercent drug found in microcapsules to percent drug 
found in the organic phase. $he amounts of drug originally formulated into mi- 
crocapsules containing matrixes of formalized gelatin, calcium sulfate, and calcium 
alginate were 2.5,5, and 1.25 g, respectively. b Microcapsulesdid not form. Absence 
of formalin. 


sion, and this suspension was emulsified in 300 ml of organic phase. The 
addition of 0.3 ml of sebacyl chloride contained in 300 ml of organic phase 
resulted in the formation of nylon-coated microcapsules. The capsules 
were allowed to stand at  room temperature for 12 hr and then were sep- 
arated from the organic phase. The microcapsules were allowed to dry 
undisturbed at  30' for 1 week. 


To prepare nylon microcapsules containing a matrix of calcium algi- 
nate, 30 ml of the hexamethylenediamine solution was added initially 
to 30 ml of an aqueous solution containing 2.5 g of sodium alginate and 
1.25 g of drug. This aqueous mixture then was emulsified in 300 ml of the 
organic phase. Nylon was formed by the slow addition of 1.2 ml of sebacyl 
chloride contained in 300 ml of organic phase. Calcium alginate was 
formed by the addition of 5 ml of saturated calcium chloride solution to 
the reaction mixture. Following the removal of 90% of the organic phase, 
the slurry of microcapsules was frozen using dry ice-acetone. Lyophili- 
zation for 2 days followed. The microcapsules then were stored at  room 
temperature in a desiccator. Lyophilization prevented the microcapsules 
from sticking together during drying. The calcium alginate matrix should 
only be used for calcium-compatible drugs. 


Electron Scanning Microscopy-The microcapsules were coated 
under an argon atmosphere with -200 8, of gold-palladium using a cold 
sputter module in a high-vacuum evaporator equipped with an omniro- 
tary stage. Samples were examined with a scanning electron rnicro~cope'~ 
using 20,000-30,000 kv. 


Analysis of Microcapsules and Organic Phase-The amount of 
drug remaining in the microcapsules after formulation was determined 
by extracting the particles in an aqueous pH-adjusted medium for 12 hr. 
To determine the amount of drug that had partitioned into the organic 
phase during formulation, 100-ml volumes of this phase were evaporated 
to dryness and reconstituted with an aqueous medium of the appropriate 
pH to facilitate rapid drug dissolution. The drug concentration in both 
the microcapsules and the organic phase was determined spectrophoto- 
metrically at  the wavelength of maximal absorbance for each drug. 


RESULTS AND DISCUSSION 


The inclusion of hard matrixes such as formalized gelatin, calcium 
sulfate, and calcium alginate inside nylon coatings resulted in the for- 
mation of dense, free flowing, spherical microcapsules. In all cases, >95% 
of the finished solid product was present as intact microcapsules. Nylon 
microcapsules containing these matrixes were formulated with anionic, 
cationic, quaternary, amphoteric, and nonionic compounds to determine 
the versatility of this process (Table I). 


The nylon membrane is formed in situ by interfacial polymerization. 
Morgan and Kwolek (24) showed that nylon, like most water-insensitive 
polymers, forms and grows on the organic solvent side of the interface. 
These workers found that the strongest nylon membrane was formed 
when the ratio of amide to diacid was approximately 1.81. However, the 
excess of diamine in the aqueous phase resulted in an alkaline pH inside 
the microcapsule after the nylon membrane was formed. Studies with 
the formalized gelatin matrix containing phenolphthalein showed that 
the pH was >9 prior to the addition of formalin. The addition of 10 ml 
of formalin to microcapsules containing phenol red in a gelatin matrix 


l 3  Md*I IOOO, Advanced Metals Research, Burlington, Mass. 


Figure 1-Scanning electron micrograph of a formalin-treated nylon 
gelatin microcapsule containing morphine sulfate. 


resulted in a slightly acidic pH inside the microcapsule. Since formalin 
was not added to nylon capsules containing calcium sulfate and calcium 
alginate, the pH of the microcapsule remained alkaline due to the excess 
quantities of the amine and the calcium salt. 


For several drugs, the pH inside the microcapsule influenced the ionic 
character of the encapsulated drug. To determine the extent of parti- 
tioning into the organic phase, the microcapsules and organic phase were 
assayed for drug content; the ratio of drug in the capsule to the amount 
of drug partitioned into the organic phase a t  equilibrium is shown in 
Table I. Equilibrium conditions were established rapidly with all of the 
drugs studied. As expected with anionic drugs, little sulfathiazole sodium 
and sodium salicylate appeared in the organic phase. 


Great difficulty was experienced in encapsulating the quaternary drugs, 
methantheline bromide and benzalkonium chloride, in nylon; in each 


Figure 2-Scanning electron micrograph of the microcapsule surface 
in Fig. 1 .  
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Figure 3-Scanning electron micrograph of nylon microcapsules con- 
taining morphine sulfate in a calcium alginate matrix (lyophilized for 
2 days). 


case, microcapsules were not formed. Preliminary studies showed that 
another quaternary compound, pralidoxime iodide, could be encapsulated 
in nylon with a formalized gelatin matrix, although the capsules were 
sticky and difficult to separate. Quaternary compounds apparently in- 
terfere with the reaction to form nylon. 


Both phenytoin and diazepam formed suspensions in the aqueous 
phase containing hexamethylenediamine and the matrix components. 
Phenytoin can form B sodium salt a t  very high pH, so a small amount of 
a diamine salt may have formed in the hexamethylenediamine solution. 


Figure 4-Scanning electron micrograph of a nyton microcapsule 
containing morphine sulfate ina  calcium alginate matrix (lyophilized 
for 5 days). 


Figure 5-Scanning electron micrograph of a nylon microcapsule 
containing morphine sulfate in a calcium sulfate matrix. 


Negligible quantities of drug were recovered in the organic phase, prob- 
ably due to the very low solubility of phenytoin in both cyclohexane and 
chloroform. This was not the case with diazepam. Its yellow color was 
quite noticeable in the organic phase, and analysis confirmed the parti- 
tioning of the drug from the microcapsules. 


Interesting results were seen with both the xanthine derivatives and 
the cationic drugs. The three xanthine derivatives included caffeine, 
theophylline, and theobromine. The caffeine and theobromine data can 
be explained on the basis of the relative drug solubilities in the organic 
phase. Caffeine has a solubility of 1 g in 5.5 ml of chloroform whereas 
theobromine is practically insoluble in both chloroform and cyclohexane. 
Theophylline microcapsules did not form when the matrix was calcium 
sulfate. The addition of theophylline to the calcium sulfate suspension 
and amine solution resulted in a very thick suspension, which was diluted 
with a small quantity of water. However, on addition to the organic phase, 
the aqueous suspension of calcium sulfate and theophylline did not 
emulsify in the organic phase and adhered strongly to the sides of the glass 
vessel and the stainless steel stirring apparatus, thus preventing the 
formation of microcapsules. The addition of formalin solution to the 
gelatin-theophylline microcapsules significantly decreased the amount 
of drug remaining in the capsules. 


The two basic drugs studied were diphenhydramine hydrochloride and 
morphine sulfate. Small quantities of morphine were recovered in the 
organic phase. However, significant partitioning of the drug from the 
microcapsules was found only with the antihistamine due to its high 
solubility in chloroform. 


The amount of drug remaining after the preparation of microcapsules 
containing the calcium alginate matrix was dependent on the volume of 
saturated calcium chloride used to form the calcium alginate. Calcium 
chloride solution was added to the reaction vessel following the formation 
of the nylon membrane. The electrolyte diffused into and reacted with 
the sodium alginate matrix. Since excess electrolyte stays in the aqueous 
phase, the percentage composition of drug in the microcapsules increases 
as the volume of calcium chloride solution decreases. When 10,5, and 1 
ml of saturated calcium chloride were added to alginate microcapsules 
containing sulfathiazole sodium, 7.35,12.57, and 17.98% of drug were in 
the microcapsules, respectively. 


Scanning electron micrographs of nylon microcapsules containing 
morphine sulfate and the three different matrixes are shown in Figs. 1-6. 
A microcapsule containing the formalized gelatin matrix is shown in Figs. 
1 and 2. The surface appears to be rough and porous with a plate-like 
structure. However, these surface photographs do not indicate the inner 
structural features of the membrane, which may exhibit different mor- 
phology at the matrix interface. No drug particles were seen on the surface 
of the microcapsules. Nylon microcapsules containing calcium alginate 
were very similar to the formalized gelatin capsules (Fig. 3). As previously 
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Figure 6-Scanning electron micrograph of the microcapsule surface 
in Fig. 5. 


mentioned, the calcium alginate microcapsules were lyophilized for 2 
days. Lyophilization for longer than 4 days resulted in disruption of the 
nylon membrane and loss of the matrix (Fig. 4). Figures 5 and 6 show 
morphine-containing microcapsules with a calcium sulfate matrix. The 
presence of calcium sulfate crystals on the surface is quite evident in Fig. 
6. The surface appears to be very porous and fibrous in comparison to 
the other capsules. 


Calcium sulfate hemihydrate (known as plaster of Paris) is formed by 
heating the dihydrate material (gypsum) (Scheme I). 


2(CaS04 - 2H20) + (CaSO& - H2O + 3Hz0 
Scheme I 


When mixed with water, the equilibrium is reversed and the plaster sets 
to form a mass of gypsum crystals. The setting results in an increase in 
volume, which causes the nylon membrane to stretch. This expansion 
of the matrix helps explain the fibrous appearance of the nylon membrane 
in Fig. 6. The plate-like surface features seen with the formalized gelatin 
and calcium alginate matrixes and the fibrous structure seen with the 
calcium sulfate matrix differ markedly from the pitted surface of the 
nylon microcapsules containing polyoxyethylene glycol 400 shown by 
Jenkins and Florence (25). 


In summary, the nylon encapsulation technique is applicable to a wide 
range of pharmaceuticals. Two major problems include drug partitioning 
into the organic phase and the possibility of decreased drug stability as 
a result of the alkaline pH inside the capsules. Preliminary results sug- 
gested that both problems may be overcome by altering the composition 
of the organic solvents and by adding small quantities of dilute acid to 


the reaction vessel following the formation of the nylon membrane. Fu- 
ture efforts will be directed toward optimizing the formulation to improve 
the retention of drugs that partition into the organic phase. The micro- 
capsules also will be examined for their dissolution behavior, sustained 
release, and drug stabilizing properties and for the separation of incom- 
patible ingredients. 
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High-pressure Liquid Chromatographic Determination of 
Viloxazine in Human Plasma and Urine 
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Abstract 0 A rapid, specific, high-pressure liquid chromatographic 
method is presented for the determination of viloxazine in plasma and 
urine. This method employs the high sensitivity of fluorescence detection 
with selective extraction and reversed-phase chromatography to measure 
concentrations as low as 25 ng/ml of plasma and 1.0 pg/ml of urine. 
Known metabolites of viloxazine do not interfere with the analysis, and 
experience with several hundred samples in a bioavailability study 
demonstrated the applicability and reliability of the method. 


Keyphrases 0 Viloxazine-high-pressure liquid chromatographic 
analysis, human plasma and urine 0 High-pressure liquid chromatog- 
raphy-analysis, viloxazine, human plasma and urine Antidepres- 
sants-viloxazine, high-pressure liquid chromatographic analysis, human 
plasma and urine 


Viloxazine hydrochloride [2-(2-ethoxyphenoxy- 
methyl)tetrahydro-1,4-oxazine hydrochloride, ICI 58,8341 
is a psychotropic drug with antidepressant activity; its 
clinical pharmacology was summarized by Bayliss and 
Duncan (1). It was reported that viloxazine is absorbed 
completely and metabolized extensively following oral 
administration to human volunteers (2). 


Previous procedures for the determination of viloxazine 
in plasma and urine employed GLC with electron-capture 
detection (3) following extraction and conversion to the 
heptafluorobutyrate or labeling with carbon 14 in combi- 
nation with TLC (2). Although the GLC methods can be 
sufficiently specific and sensitive for pharmacokinetic and 
bioavailability studies, they are relatively complex and 
require a demanding prechromatographic derivatiza- 
tion. 


The procedure reported here combines a selective two- 
step extraction with the separative capability of high- 
pressure liquid chromatography (HPLC) and the sensi- 
tivity of fluorescence detection. The method is rapid, is 


Table I-Retention Times for Viloxazine, Dextrorphan, and 
Viloxazine Metabolites 


Retention 
Time 


Retention Relative to 
Code Time, Viloxazine, 


Compound Number" min min 


Viloxazine 58834 8.2 
Dextrorphan - 6.7 
o -Hydroxyviloxazine 60169 3.0 
2-(2-Ethoxyphenoxymethyl)- 69322 7.4 
2,3,5,6-tetrahydr0-5-0~0- 
1,4-oxazine 


n-Methylviloxazine 70098 16.0 
m-Hydroxyviloxazine 71928 2.6 
p -Hydroxyviloxazine 71976 3.0 


Taken from Ref. 2. 


1 .oo 
0.81 
0.36 
0.90 


1.95 
0.31 
0.36 


i I 


D 


1 hr 


V 


L 


Figure 1-High-pressure liquid chromatograms (excitation a t  220 nm, 
no filter) of extracts before dosing and 1 hr  after a 50-mg dose. Key: I ,  
injection; D, dextrorphan; and V,  viloxazine. 


easily automated, employs an internal standard, separates 
the drug metabolites, and is of sufficient sensitivity (25- 
ng/ml plasma detection limit) for pharmacokinetic 
studies. 


EXPERIMENTAL 


Materials-n-Butanol', n-butyl chloride', acetonitrile', triethyl- 
amine2, dibasic sodium phosphate3, phosphoric acid4, and acetic acid4 
were used as received. Water was deionized and then distilled. Dextror- 
phan5 (3-hydroxy-N-methylmorphinan), viloxazine6, and the metabo- 
lites6 of viloxazine were used as received. 


UV grade, Burdick & Jackson Laboratories, Muskegon, Mich. 
Reagent grade, Aldrich Chemical Co., Milwaukee, Wis. 
Reagent grade, Fisher Scientific Co., Fair Lawn, N.J. 
Reagent grade, Mallinckrodt, Paris, Ky. 
Hoffmann-La Roche Laboratories, Nutley, N.J. 


6 ICI Americas, Wilmington, Del. 
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Table 11-Accuracy and Precision 


Concentration, ng/ml 
50.0 100.0 150.0 200.0 250.0 300.0 400.0 600.0 800.0 1000.0 


n 9 27 10 24 11 20 30 27 23 16 
Mean 54.7 100.9 153.3 193.2 247.9 297.2 391.8 587.1 804.5 1026.0 
SD 5.1 5.5 8.8 8.2 16.0 15.3 17.9 27.4 35.4 73.4 
c v ,  % 9.3 5.4 5.7 4.2 6.4 5.1 4.5 4.7 4.4 7.1 


Apparatus-The HPLC system consisted of an automatic injector?, 
a high-pressure pumps, a bonded-phase columng, and a fluorescence 
detectorlo. 


Chromatographic Parameters-Although several mobile phases 
were evaluated, the system containing 17.5% acetonitrile, 6 mM trieth- 
ylamine, and 0.20 M phosphate buffer a t  pH 3.2 was optimal in this 
laboratory. The phosphate buffer was filtered through a 0.45-pm filter 
prior to mixing, as were all other reagent solutions. A flow rate of 1.3 
ml/min at  ambient temperature (usually 22') was employed in most 
studies. Aliquots of 50-100 pl of the back-extraction were injected directly 
onto the column. 


Analytical Procedure-Plasma-A 0.50-ml aliquot of plasma was 
pipetted into a 15-ml centrifuge tube and adjusted to pH 10.4 by adding 
50 p1 of saturated sodium carbonate solution. Eight milliliters of 10% 
n-butanol in butyl chloride containing 25 ng of dextrorphan/ml was 
added, and the capped tube was vortexed 1 min and then centrifuged. 
The upper organic phase was transferred to a second 15-ml centrifuge 
tube containing 300 pl of 1.0% acetic acid. The second tube was vortexed 
and centrifuged, and the upper organic layer was discarded. The acetic 
acid solution was injected into the HPLC system. 


Urine-Twenty microliters of well-mixed urine was diluted with 0.5 
ml of 0.139 M dibasic sodium phosphate buffer (pH 10.5) in a 15-ml 
centrifuge tube. This diluted aliquot was subjected to the same procedure 
as the plasma samples. 


RESULTS AND DISCUSSION 


Table I lists the retention times of viloxazine, dextrorphan, and the 


Figure 2-Viloxazine concentration versus time curve in a human 
subject following a single 50-mg dose. 


WISP 710A, Waters Associates, Milford, Mass. 
8 Model 6000A, Waters Associates, Milford, Mass. 
9 Altex Scientific Inc., Berkeley, Calif. 


lo SPF 970, Schoeffel, Westwood, N.J. 


known unconjugated metabolites of viloxazine. Ail of the tested com- 
pounds were resolved from one another and the normal components of 
plasma and urine. The 8.3-min retention time for viloxazine allows a 
convenient processing of five or six samples per hour. Figure 1 shows 
chromatograms for two samples, one obtained prior to dosing and the 
other obtained 1 hr after a 50-mg oral dose. Although the metabolites do 
chromatograph and are detectable when injected directly onto the col- 
umn, they do not extract efficiently and are not detected in plasma and 
urine. 


The peak height ratio of viloxazine to dextrorphan varies linearly with 
the concentration of viloxazine added to pooled plasma. A typical stan- 
dard curve obtained by assaying samples with 0,50,100,150,200,250, 
300,400,600,800, and 1000 ng/ml had a linear regression coefficient of 
0.999, a slope of 515.8 ng/ml, and an intercept of 11.6 ng/ml, where the 
peak height ratio was the abscissa and the viloxazine concentration was 
the ordinate. During the analysis of several hundred samples over 4 
months, the slope and intercept values of frequent standard curves re- 
mained within f20% of these stated values. 


The precision and accuracy of the method are demonstrated in Table 
11. The analysis of 10 aliquots of a 50-ng/ml standard, assayed in batch, 
had a coefficient of variation of 9.7%, while a similarly processed 300- 
ng/ml standard gave a 6.9% coefficient of variation. When processing large 
numbers of samples, 25 ng/ml in plasma and 1 pg/ml in urine are practical 
lower limits of detection. 


During the analysis of 576 plasma samples in duplicate from 12 healthy 
volunteers in a bioavailability study, no chromatographic peaks were 
observed to interfere with either viloxazine or dextrorphan. Figure 2 
presents the plasma viloxazine concentration-time curve for one typical 
subject following a single 50-mg dose. The method clearly is sufficiently 
sensitive to describe the plasma curve in this dose range. Urine samples 
(252) from the same study also were assayed in duplicate, and no inter- 
fering chromatographic peaks were observed. The findings of the bio- 
availability study will be presented in a subsequent report. 


As with most chromatographic procedures, the exact mobile phase 
composition required and the limits of detection will vary with the par- 
ticular column and matrix of the sample. In this laboratory, the described 
method works well with several similar columns and for samples obtained 
from healthy volunteers. However, modifications may be required to 
achieve optimal separations in diseased patients, especially those re- 
ceiving multidrug therapy. When the same column was used, the day- 
to-day change in the slope of the standard curve was <&I%; however, 
larger changes of up to 5% were observed when a different column was 
installed. Fortunately, properly maintained columns will allow several 
hundred determinations. 
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BOOKS 


REVIEWS 


Goodman and Gilman’s The Pharmacological Basis of Therapeu- 
tics: 6th Ed. Edited by ALFRED GOODMAN GILMAN, LOUIS S. 
GOODMAN, and ALFRED GILMAN. Macmillan, 866 Third Ave., 
New York, NY 10022.1980.1843 pp. 18 X 26 cm. Price $45.00. 
This latest edition of L. S. Goodman and A. Gilman continues a 


time-honored tradition of serving as an accurate source of past and 
present knowledge upon which therapeutics is based. It differs from its 
predecessors, however, in the recognition that diseases are dynamic and 
that standard therapy is inadequate to meet the needs of a patient who, 
for example, has a myocardial infarction accompanied by diabetes mel- 
litus. Much emphasis is placed on individualization of therapy, the need 
for compliance, and the results of noncompliance. 


Principles of pharmacokinetics and biotransformation patterns appear 
in the early chapters and reappear in Appendix I1 under the heading 
Design and Optimization of Dosage Regimens along with pharmacoki- 
netic data pertaining to oral availability, urinary excretion, plasma 
binding, and clearance of 100 widely used agents to expedite drug selec- 
tion by the physician. The intervening chapters reflect those areas that 
have advanced rapidly in recent years-autonomic and antihypertensive 
agents, anti-inflammatories, autacoids, antineoplastics, and antimicro- 
bials-and those that haven’tlocal anesthetics, cathartics, antianemics, 
salts and ions, vitamins, and oxytocics. 


Looking back 4 decades a t  the first edition, when pharmacology was 
discarding the mantle of materia medica and computer technology was 
a t  the abacus stage, the reviewer is impressed with the amount of basic 
material then available, with the skill of the two authors who organized 
the information so logically and clearly, and with the realization that 
practitioners without an understanding of prodrugs, receptor configu- 
rations, pharmacokinetics, food and drug interactions, and the phe- 
nomena of tolerance and addiction could practice medicine reasonably 
well. In this edition, 55 contributors, some of whom are specialists in areas 
unheard of a few decades ago, have produced a noteworthy successor to 
earlier editions that will enable those who utilize therapeutic skills di- 
rectly or indirectly in patient management to achieve a refinement in 
combating disease hitherto unequaled. 


Reviewed by David E. Mann, Jr. 
School of Pharmacy 
Temple University 
Philadelphia, P A  19140 


Biochemical Applications of Mass Spectrometry: First  Supple- 
mentary Volume. Edited by GEORGE R. WALLER and OTIS C. 
DERMER. Wiley, 605 Third Ave., New York, NY 10016.1980.1279 
pp. 21 X 28 cm. Price $150.00. 
The editors of Biochemical Applications of Mass Spectrometry: First 


Supplementary Volume are to be congratulated on a job well done. Be- 
tween the covers of this book (which are separated by 4.6 cm of pages), 
the novice and the experienced mass spectrometrist alike can find valu- 
able information relating to a host of mass spectrometry-related topics. 
A section on instrumentation (spectrometers and data systems) is fol- 
lowed by one on the interpretation of mass spectra. Emphasis is on the 
data systems found in 10 of the leading mass spectrometry laboratories 
around the world and on computer-based identification of unknowns. 
Inclusion of a general chapter discussing the interpretation of spectra 
might have been desirable a t  this point. 


These two sections are followed by the major section-ap- 
plications-containing approximately 30 chapters covering nearly all 
of the topics in which biochemists and scientists in related fields would 
have an interest. Although many of these chapters discuss chemical- 
ionization and field-desorption-based analyses, this reviewer finds it 
unfortunate that no chapters are dedicated specifically to these two im- 
portant techniques. Chapters discussing z5zCf plasma desorption mass 
spectrometry and negative-ion mass spectrometry are included. The 
emphasis of most of the applications chapters is on structure elucidation, 
but quantitation is by no means ignored and Chapter 37 covers this topic 
exclusively. (I must disagree with the authors of this chapter on one point: 
isotope effects are not always “negligible,” and a labeled compound need 


not behave “isographically” with the analogous unlabeled compound in 
all chromatographic systems.) 


Some of the applications chapters are descriptive, and several are 
highly detailed and crammed with fragmentation pathways complete with 
mechanisms. Chapter 25 (flavor components) should be of special value 
to students and teachers involved in learning about basic mass spec- 
trometry since it contains numerous fundamental fragmentation path- 
ways plus simple but highly illustrative spectra. This chapter also an- 
swered a question some of us home gardeners have asked for years-what 
is the source of the characteristic aroma produced by tomato plant leaves. 
The answer-2-isobutylthiazole. Chapter 34 (Volatiles Emitted by Hu- 
mans) reports on some “way-out” applications of mass spectrometry, but 
it is short on hard data. 


Classic chapters include those on fatty acids, amino acids and amino 
acid sequencing, steroids, hormones, flavonoids, vitamins, and carbo- 
hydrates. Newer fields covered equally well are pheromones, drug me- 
tabolism, pollutants, and clinical medicine. The value of derivatization 
and GLC-mass spectrometry is made abundantly clear by many of the 
authors, and some speak with hope about liquid chromatography-mass 
spectrometry. All chapters contain useful lists of recent references. 


This book should be a welcome addition to the libraries of natural 
products, synthetic organic and drug metabolism chemists, many persons 
involved in biological studies where structure elucidation and quanti- 
tation are necessary for advances, and researchers working on environ- 
mental problems. 


Reviewed by William J. A. VandenHeuvel 
Merck Sharp & Dohme Research 


Laboratories 
Rahway, NJ 07065 


The first supplementary volume continues the standard of excellence 
established in the original compendium of biochemical mass spectrometry 
[cf., Book Reviews, J.  Pharm. Sci., 62,516 (1973)l. Largely written by 
the original authors, as the subtitle indicates, the discussions and the 
reference, figure, and table numbering continue from the earlier review. 
The editors have maintained consistent styles among the 35 chapters 
contributed by nearly 80 authors. Section I, Instrumentation, begins with 
a useful discussion of newer ionization and sample handling techniques 
(Chapter 2). Of less interest to the nonspecialist is the discussion on Data 
Acquisition and Processing in the following chapter. 


Section 11, Interpretation of Mass Spectra, describes the latest ad- 
vances and utility of metastable ions as an aid to interpretation (Chapter 
5). Compound Identification by Computer Matching (Chapter 6) might 
be helpful to those contemplating purchasing access to the MSDC/ 
EPAfNIH MSSS system. On the other hand, the computer programs, 
the basis for the discussion on automated scientific inferences (Chapter 
7), may not be readily accessible. 


Section 111, Applications, comprising 30 chapters and over 1000 pages, 
more than amply fulfills the editors’ objective to promote mass spectro- 
metric research capabilities and interests in a diverse group of investi- 
gators. Building on the discussions of the original volume, the experts 
chosen to write the individual chapters clearly develop guidelines for the 
interpretation of the various classes of compounds encountered in bio- 
chemistry and organic chemistry. Both the expert and novice would 
benefit from these reviews in the elucidation of unknown structures. The 
chapters in this section are filled with structures, fragmentation patterns, 
and mass spectra. Each review appears to have referenced the literature 
through 1977, with a significant number of them containing several ref- 
erences from 1978 and a few references from 1979. It should be relatively 
easy to locate the most recent articles working from the combined ref- 
erence list of both volumes and Science Citation Index. 


The negative-ion review is very timely. Notable omissions from the 
supplementary volume is the review of positive-ion chemical-ionization 
and field-ionization/desorption. More recent reviews should be consulted, 
rather than the original volume, for a background in these areas. The 
original volume, still in print, should be consulted for the more funda- 
mental interpretation of the various classes of compounds. In summary, 
the complementary volumes should be in every book collection in insti- 
tutions where mass spectrometry is being used. 


Reviewed by A. I. Cohen 
Squibb Institute for Medical Research 
Princeton, N J  08540 
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Release of Microencapsulated Chlorothiazide 
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Abstract Microcapsules of chlorothiazide were prepared by the 
complex coacervate technique using gelatin and acacia as the wall- 
forming materials. The release of drug from the microcapsules and 
compressed tablets of microcapsules were studied in uitro and in uiuo. 
In uitro dissolution was characterized by a rapid release of drug followed 
by a slower, more sustained release. The effects of pH and concentration 
are discussed. In uiuo release of drug was determined from urine, and the 
volume of urine passed was studied. 


Keyphrases Chlorothiazide-in uitro and in uiuo release rates eval- 
uated from plain tablets, compressed tablets of microcapsules, and mi- 
crocapsules Gelatin-acacia coacervates-chlorothiazide, in uitro and 
in uiuo release rates evaluated from compressed tablets of microcapsules, 
plain tablets, and microcapsules 0 Microencapsulation-symposium, 
chlorothiazide release rates evaluated from plain tablets, compressed 
tablets of microcapsules, and microcapsules in uitro and in uiuo 


The preparation of gelatin-acacia microcapsules con- 
taining water-insoluble drugs is well known (l), although 
the number of modifications to the basic technique (2), in 
particular to the extraction of a fine powder, still precludes 
setting up a simple general method. The dosage forms in 
which microcapsules are used usually are not specified, 
although their use as suspensions, powders, and tablets all 
have been suggested (3,4). Most published data regarding 
dissolution is from in uitro work (5-8), but some in uiuo 
studies have been reported (9). Few attempts have been 
made to compare the performance of different formula- 
tions of the same microcapsules and to correlate in uiuo-in 
uitro properties within and between preparations. 


The present work attempts to investigate how chlo- 
rothiazide behaves when it is microencapsulated and for- 
mulated as powder and tableted dosage forms. 


BACKGROUND 


Chlorothiazide and related compounds are diuretics that reduce the 
reabsorption of electrolyte from the renal tubules and, therefore, increase 
the excretion of sodium and chloride ions and, as a consequence, 
water. 


Unmicroencapsulated diuretics given orally may produce diuresis after 
2 hr; this diuresis can be maintained for up to 12 hr, although a more 
normal time is from 5 to 9 hr. Tolerance does not develop, and this di- 
uretic may be used over a long period. Because of the long continuous 
activity, continuous administration usually is not needed: after an initial 
dose of 1 or 2 g, it is sufficient to give maintenance doses, which rarely 
exceed 1 g every few days. 


Mild symptoms of discomfort have been reported for chlorothiazide 
and occasionally there are more serious toxic effects, particularly with 
patients suffering from diabetes and hepatic disorders (10-12). As with 
many materials given as tablets, ulceration of the gut is possible, par- 
ticularly when the drug is in the form of a layered tablet that contains 
potassium chloride as a potassium supplement. The use of supplementary 
potassium with chlorothiazide is recommended, and the preparation of 
potassium chloride microcapsules is reported elsewhere. Subsequently, 
it is hoped that both types of microcapsules can be combined into a single 
dosage form that will allow a more sustained chlorothiazide diuretic effect 
and prevent gut ulceration due to the potassium chloride. 


As a reasonable reference compound to study in uiuo, chlorothiazide 
has a number of advantages. It allows measurement of urinary excretion 
rates (metabolism is not an important factor in the elimination of thiazide 


from the body), the rate of flow of urine and changes in the total urine 
volume, and changes in the elimination of sodium and potassium. 


EXPERIMENTAL 


Preparation of Microcapsules-The microcapsules were prepared 
by gelatin coacervate techniques outlined previously (13, 14). With 
complex gelatin-acacia coacervates, it was immaterial whether the drug 
was dispersed in the gelatin or acacia prior to mixing (15,16). Extraction 
was carried out by treating the mixture with formaldehyde solution 
(formalin), filtering, washing with isopropanol, and drying in a stream 
of air. The recovery was between 86 and 92%, and the mean size of the 
microcapsules was 73 pm with 80% of the sizes between 5 and 136 pm. 


Preparation of Tablets of Chlorothiazide Microcapsules-These 
tablets were compressed in a single-punch hand compressor which had 
a 30-sec compression and a 10-sec rest under compression, followed by 
a 10-sec stage during which compression was released. In all cases, flat 
punches were used making 5-mm diameter tablets. The weight of the 
microcapsules was 250 mg for each tablet, and compression varied be- 
tween 0.5 and 5 tonnes. 


Determination of Chlorothiazide-Microcapsules-To determine 
the amount of chlorothiazide in the microcapsules, they were extracted 
with either water a t  pH 10 or isopropanol. In both cases, a 500-mg charge 
of the microcapsules was refluxed for 10-15 rnin at  100' with water or at 
80' with isopropanol. The normal spectrophotometric assay at 513 nm 
was performed. The system was refluxed for an additional 15 min with 
fresh solvent to be certain that all chlorothiazide had been extracted. 


Urine-Protein-free urine samples were obtained by diluting 1 ml with 
4 ml of 20%p-toluenesulfonic acid and diluting to 20 ml with water. Five 
milliliters of this solution was heated in a water bath for 30 min with 1 
ml of 3.75 N NaOH, during which chlorothiazide was hydrolyzed to a 
6-aminodisulfonamide along with any conjugates present. 


After this hydrolysis step, the assay followed the Bratton-Marshall 
method for sulfonamides. Five milliliters of the cooled solution was 
acidified with hydrochloric acid, sodium nitrite was added to diazotize 
the amine, and the tube was left in ice for 3 min. The excess nitrous acid 
was destroyed by ammonium sulfamate, and the solution was allowed 
to stand at  room temperature for 5 min. The diazonium salt was coupled 
with N - (  1-naphthy1)ethylenediamine hydrochloride, and the color de- 
veloped after 10 min was read spectrophotometrically at 513 nm. The 
standard solutions for comparison were made from chlorothiazide in 4% 
p-toluenesulfonic acid. 


In Vitro Dissolution-The in uitro release from chlorothiazide mi- 
crocapsules was studied using 250 mg of microcapsules containing either 
163.7 or 95.6 mg of drug. This quantity was dispersed in 2 liters of water 
at 37' and adjusted to pH 2,5,7, or 9 with hydrochloric acid or sodium 
hydroxide. The stirring rate was 100 rpm. 
In Vivo Dissolution-The in uiuo dissolution of the drug from the 


microcapsules was studied by giving 27 healthy volunteers on three 
separate occasions either plain chlorothiazide tablets, microcapsules, or 
tableted microcapsules. All dosages contained 500 mg of chlorothiazide, 
and 1 week elapsed between a repeat dose of drug to any subject. The 
normal volume of urine over 3 days was monitored for the subjects prior 
to taking the preparation, and all urines were assayed to ensure that a 
positive assay for chlorothiazide did not exist. No special diet was used, 
and sodium and potassium intake was not monitored or supple- 
mented. 


RESULTS AND DISCUSSION 


The results of the in uitro dissolutions are shown in Figs. 1 and 2. All 
samples a t  different pH values showed the familiar pattern of a rapid 
initial release followed by a slower sustained release. With all samples 
other than those at pH 2, -5040% of the drug was released within 20 min 
for the higher chlorothiazide concentration. However, with the lower 
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Figure I-Effect of p H  on the in vitro release of chlorothiazide from 
formaldehyde solution-treated gelatin-acacia microcapsules. The 
concentration of chlorothiazide was 65.48% in a charge of 250 mg in 2 
liters of water a t  37O. Key: 0, pH 2; V, pH 5; 0, pH 7; and A, pH 9. 


concentration, the change in the release rate was more gradual, and it was 
difficult to discern any break that could be regarded as the start of a 
sustained, or slower release, stage. 


With both high and low concentrations of drug in the microcapsules, 
the fastest release was at  pH 2; and since the microcapsules had been 
formaldehyde solution treated, it appears that this treatment did not 
produce any enteric coating effect. This observation suggests that in viuo 
the bulk of the drug would be released in and absorbed from the stomach. 
Also shown in Fig. 2 is the rate of solubility of the unencapsulated drug 
in water. Although the dissolution rate from the microcapsules at pH 2 
was rapid, there was a slight delay in release when compared with the 
dissolution rate of raw drug. 


Figure 3 shows the percentage released as a function of both pH and 
the percentage of drug in the microcapsules. A linear relationship existed 
between the percentage of drug present and the quantity released. In the 
first 30 min, irrespective of the pH other than pH 2, a higher percentage 
of drug was released from those microcapsules containing the larger 
percentages. This result was not unexpected because, with the method 
of manufacture employed, these microcapsules have the thinnest pro- 
tective wall. However, after 60 min, the core content appeared to have 
little effect on the total percentage of drug released, except at pH 9 where 
the microcapsules with the highest content of chlorothiazide were re- 


20 40 60 80 100 120 
MINUTES 


Figure 2-Effect of pH on the in vitro release of chlorothiazide from 
formaldehyde solution-treated gelatin-acacia microcapsules. The 
concentration of chlorothiazide was 38.24% in a charge of 250 mg in 2 
liters of water a t  37O. Key: 0 ,  .,pH2; v ,pH5;  0 , p H  7; A,pH 9; 0, V, 
0, A, microcapsules; and e, raw drug. 
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Figure 3-Effect of pH and drug concentration on the in vitro release 
of chlorothiazide from a charge of 250 mg of microcapsules a t  37O. Key: 
0,  pH 2; V, V, pH 5; 0, M, pH 7; A, A, pH 9; e, A, ., V, 60 min; and A, 
0, V, 30 min. 


leasing a higher total percentage of drug than the thicker walled, lower 
drug content ones. 


The in uitro release rate of tablets of microcapsules is shown in Fig. 
4. In  uitro dissolution testa, carried out as described previously, showed 
a much slower release from the compressed microcapsules. Contrary to 
expectation, the tablets did not disintegrate and were still present as 
definite entities a t  the end of the 2-hr in uitro experiments. The effect 
of pressure followed the expected norm; as with the uncompressed ma- 
terial, release into acidic pH was far more rapid than in pH 9. As with the 
uncompressed microcapsules, higher drug concentrations seemed to lead 
to a more rapid total release, although the difference was not so noticeable 
as in the early release from uncompressed material. Separate, detailed 
studies into the compression characteristics of microcapsules are being 
conducted. 


Figure 5 shows the mean urine excretion found with all subjects up to 
28 hr. The subjects measured the volume of urine passed and retained 
a sample for subsequent analysis. The normal, nondiuretic-induced 
condition for the subjects showed a fairly steady increase in total urine 
passed throughout the day. As expected, this volume was lower at  all 
times than after diuretic dosage. A standard tablet of nonmicroencap- 


A 


MINUTES 
Figure 4-Effect of pH and compression pressure on the in vitro release 
of chlorothiazide from tableted microcapsules. The concentration of 
chlorothiazide was 65.48% in a charge of one 250-mg tablet in 2 liters 
of water a t  37’. Key: a, A, ., pH 2; 0, A, 0, p H  9; 0, e. 0.5 tonne of 
pressure; A, A, 3 tonnes of pressure; and 0, ., 5 tonnes of pressure. 
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Figure 5-Mean uolume of urine passed after ingestion of 500 mg of 
chlorothiazide in uarious dosage forms. Key: X, control; 0, standard 
tablet; A. microcapsules; and 0, tableted microcapsules. Tablet com- 
pression pressure was 5 tonnes. 


sulated chlorothiazide produced a steady rapid release of urine over the 
first 2 hr when compared with the nondosed control state. This release 
fell slightly but rose again after the midday meal. About 10 hr after in- 
gestion of the tablet, the rate of urine production followed approximately 
the normal condition. 


Microencapsulated drug was given in both tableted and powder forms. 
The microencapsulated tablet showed a urine production intermediate 
between that produced by the nondosed and normal tablet-dosed form. 
The urine production increased after 5 hr, probably corresponding to 
increased release of chlorothiazide from the tablet because of either 
diffusion or disintegration. After 5 hr, the tablet would be expected to 
progress to the more alkaline region of the small intestine, where the 
formaldehyde solution-treated microcapsules should disintegrate more 
than in the acidic conditions of the stomach. However, the in uitro dis- 
solution data showed a more rapid release of drug under acidic conditions. 
Therefore, under in uiuo conditions, it may take time for tableted mi- 
crocapsules to build up a high diuretic concentration in the body and to 
exert a marked diuretic effect, even though drug is released from the 
moment of ingestion. After 10 hr, the amount of urine produced was 
approximately the same as that resulting from the standard tablet. 


Nontableted microcapsules showed no significant difference in urine 
production over a normal tablet, indicating that the drug dose had been 
released rapidly in the acidic pH conditions of the stomach and was 
available almost immediately. This result was expected from the in uitro 
dissolution data, which showed 100% release of the drug within a period 
far shorter than the normal stomach-emptying time. 


All doses of the drug were small when compared with the normal 
therapeutic dose, but the same pattern probably is obtained with initial 
doses of up to 2 g of chlorothiazide. 


To determine how much drug was excreted, urine samples were assayed 
by the modified Bratton-Marshall method. The urinary concentration 
of drug followed the same pattern as the urine production from a given 
formulation (Fig. 6). Thus, with microcapsules of chlorothiazide and 
ordinary tablets, there was a rapid buildup of drug excreted in the urine; 
after 10 hr, there was little further increase. With the tableted micro- 
capsules, only slightly less chlorothiazide was excreted over the first 2 
hr, but the mean urine production from this dosage form was smaller. 
However, after 2 hr, there was significantly less drug in the urine from 
the tableted microcapsules. This was still the case after 10 hr, although 
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Abstract It was shown previously that if compression of a powder is 
treated in an analogous manner to the compression of a nonporous solid, 
a plot of the transmitted pressure uersus the applied pressure should have 
a hysteresis area that is linear with respect to the maximally applied 
pressure if plastic deformation occurs. However, if brittle fracture occurs, 
the area should be quadratically related to the maximally applied pres- 
sure. A series of compounds expected to yield by plastic deformation was 
tested, and they were found to give the quadratic relationship. Thus, it 
is indicated experimentally that the assumptions made in general in 
treating compression cycles may be partially invalid. 


Keyphrases 0 Powders-compression cycles at various maximum 
pressures for substances expected to undergo plastic deformation 0 
Tablet manufacture-compression cycles at various maximum pressures 
for substances expected to undergo plastic deformation Compression 
cycles-compression at various maximum pressures of substances ex- 
pected to undergo plastic deformation 


In tablet manufacture, a powder or granulation is placed 
within a die and then compressed between two punches. 
The process can be considered as being composed of five 
stages (1): 


1. The particles rearrange so that the powder attains 
its closest packing. 


2. The particles then deform elastically. 
3. At  stresses or pressures above the elastic limits, the 


particles either deform plastically or fracture. Either 
process is assumed to lead to bonding between the particles 
and, therefore, to tablet formation (2). 


4. The upper punch is released, and the stresses 
relax. 
5. The tablet is ejected. 
If the die wall pressure ( F )  or lower punch pressure (P') 


in Stages 1-4 is monitored as a function of the upper punch 
pressure (P), then a compression cycle results. 


BACKGROUND 


Long (3) and Leigh et al. (4) analyzed the theoretical relationships P' 
= f (P)  and F = f ( P )  and arrived at  relationships that have been useful 
in investigating the physics of powder compression. Carstensen (5) and 
Carstensen and Toure (6) applied the suggested model, which involves 
an analogy between the behavior of a nonporous mass and the powder 
in question, to treatment of the areas of the hysteresis loops described 
by the functions P' = f ( P )  and F = f (P) .  They cautioned that the as- 
sumptions used might be unrealistic in some aspects and concluded that 
if the assumptions held, then bonding by plastic deformation should lead 
to a linear relationship between the hysteresis area (A) and the maximally 
applied pressure (P,,,): 


A = a'Pm + b' (Eq. 1) 


If brittle fracture occurred, then the relationship would be: 


A = c + bPm + a P k  


1nA = 21nP,,, + l n a  


(Eq. 2) 


0%. 3) 


or if c and b were small, it would be simply: 


where a ,  b, and c are constants. One interesting note in the few available 


Table I-Regression Values for Cycle Areas ( A )  as a Function of 
Maximum Pressure (P') According to Eq. 4 


Correlation 
Formula Coefficient 'a P 


~ ~ ~ 


Polyvinyl chloride 
Polyvinyl chloride and excipienW 
Polyvinyl alcohol 
Polyvinyl alcohol and excipientsa 
Polyvinyl alcohol-polyvinyl chloride 


copolymer 
Polyvinyl alcohol-polyvinyl chloride 


copolymer (50%) and excipients' 
Polyvinyl alcohol-polyvinyl chloride 


copolymer (60%) and excipientsa 
Polvvinvl alcohol-Dolvvinvl chloride 


0.998 1.90 
0.998 1.82 
0.996 1.94 
0.998 2.2 
0.983 2.13 


0.998 1.94 


0.999 2.05 


0.998 2.15 


-1.66 
-0.79 
-1.67 
-3.0 
-2.83 


-1.68 


-2.24 


-2.81 
copolimer (70%j a id  e&ipientsa 


copolymer (80%) and excipientsa 
Polyirinyl alcohol-polyvinyl chloride 0.999 1.97 -1.99 


a The excipienta were as stated in the text; the granulation liquid was isopropanol, 
except in the last case where methylene chloride was used. 


cases is that sodium chloride appears to bond by brittle fracture rather 
than by plastic deformation, as has been generally assumed. 


The aims of the present study were to test the compression cycles a t  
various maximum pressures for substances that are expected to deform 
plastically beyond the elastic limit and to test which equation (Eq. 1 or 
2) is valid. 


EXPERIMENTAL 


The compositions of the tablets are shown in Table I. In three cases, 
the polymers (polyvinyl alcohol', polyvinyl chloridez, and a copolymer 
of the two compounds3) were compressed as they were. The particle sizes 
of the polymers were 250-400, <5, and 80-125 pm, respectively. In the 
remaining cases, granulations of the polymers were used consisting of 20% 
diphenhydramine hydrochloride, 1.5% povidone, 50% polymer (unless 
stated otherwise) and an amount of tribasic calcium phosphate (q.s.). 
With the copolymer, a series of compositions was compressed with in- 
creased polymer content (60 and 70%). 


The granulations were prepared by mixing the powders without po- 
vidone and then granulating them with a 3.75% solution of povidone in 
either isopropanol or methylene chloride. The granulation was dried at  
60' for 15 min in a small fluid bed drier". Then the granulation was passed 
through an oscillating granulator with a 1-mm screen opening, after which 
the 0.2-0.8-mm fraction was separated out by screening and used for 
compression. 


Compression was carried out on a single-punch tablet machine5 
equipped with strain gauges and operated at a speed that gave a cycle time 
of 1/60 sec; 0.5 g of powder or granulation was used for the compression, 
and 12-mm flat-faced punches were employed. Data were reduced to sets 
of corresponding P and P' values, and a hysteresis plot (Fig. 1) was made 
for each. Areas of the hysteresis loops were determined with a planim- 
eter. 


RESULTS AND DISCUSSION 


A typical set of compression cycles (with three different maximal 


Rhodopas, H, Rhone-Poulenc, France. 


15 PVAIBPVC, Solvic, Solvay, France. 


Frogerais type AO, Societe Edmond Frogerais, Vitry-sur-Seine, France. 


* Pevikon, 637P, Seppic, Paris, France. 


' Glatt, Basel, Switzerland. 
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Figure 1-Pressure cycles at’  three maximal pressures for polyvinyl 
alcohol-polyvinyl chloride copolymer (60%) and excipients. Two other 
cycles at other maximal pressures are not shown for pictorial clarity. 


pressures) is shown for one formulation (copolymer and excipients) in 
Fig. 1. Five maximal pressures were employed in each case, but only three 
are shown for pictorial clarity. Each point of an individual cycle is the 
mean of six experimental determinations, so each cycle is an average cycle; 
the standard deviation of a sample of six points was -4%. In all cases, the 
areas (A) of the hysteresis bops were plotted uersus the maximal pres- 
sure, P*,  resulting in relations of the type: 
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Figure 2-Areas of the hysteresis loops of Fig. I plotted according to 
Eq.  4 .  
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Figure 3-All of the experimental hysteresis loop areas plotted 
cording to Eq. 4. 


UC- 


In A = a In P,,, + p (Eq. 4) 


The data from the formulation in Fig. 1 are plotted in this fashion in Fig. 
2, and the linearity is obvious. The slopes and intercepts obtained by 
least-squares fitting are shown in Table I. All of the slopes are close to 
2. The fact that the plots are similar for all of the compositions is not 
surprising since the polymers can be expected to exhibit comparable 
behavior due to their chemical similarity. The fact that the data are 
comparable allowed graphical presentation of all of the experimental 
(area) data on one plot (Fig. 3). 


The surprising feature is that the quadratic relationship: 


A = aPLax (Eq. 5) 


occurs, as predicted for brittle fracture. Polymers intuitively should give 
rise to plastic deformation, and Eq. 1 (the linear relationship) should hold 
rather than Eq. 2 (or Eq. 3). Carstensen and Toure (6) pointed out that 
some assumptions made in conventional modeling of compression cycles 
may be unrealistic. The solid is highly porous at  the onset of the cycle and 
slightly porous to nonporous (practically in some cases) a t  the end but, 
by analogy, is compared to a solid, nonporous body at all stages. Equa- 
tions l and 2, therefore, are no more valid than the assumptions made; 
and since the polymers used here probably do not bond by brittle fracture, 
it may be assumed that one or more of the assumptions made in deriving 
the conventional cycle equations (whether for the individual line seg- 
ments or for the areas) are unrealistic. 
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Abstract  0 The physical basis for valence molecular connectivity was 
studied. The 6" and 6 values are cardinal numbers describing the elec- 
tronic structure of atoms in their valence states. The value 6" + 6 de- 
scribes the volume of a bonding atom while the value 6" - 6 describes the 
electronegativity. By using the principle of electronegativity equalization, 
bond electronegativity is defined as (6pby)-1/2, and the valence molecular 
connectivity index ('xu) is derived as a sum of these bond descriptions. 
The valence chi index is interpreted in terms of the information encoded, 
describing both the volume and electronic characteristics of bonds in 
molecules. Examples of close relationships with molecular volume and 
electronic properties are shown. A new way of estimating valence state 
electronegativity is proposed from a count of exterjacent electrons divided 
by the quantum number squared for a t  least the first three quantum 
levels. 


Keyphrases 0 Molecular connectivity indexes-relationship between 
molecular volume and electronic composition, mathematical estimation 
of valence state electronegativity 0 Structure-activity relationships- 
usefulness of molecular connectivity indexes, mathematical estimation, 
relationship between molecular volume and electronic composition 
Electronegativity-mathematical estimation, usefulness of molecular 
connectivity indexes, relationship between molecular volume and elec- 
tronic composition 


Molecular connectivity is a method for the quantitation 
of molecular structure that encodes information about size, 
branching, cyclization, unsaturation, and heteroatom 
content (1). It was developed in several stages, beginning 
with an alkane branching index proposed by Randic (2), 
a treatment of unsaturation (1 ,3) ,  a development of ex- 
tended bond quantitation (4), and, finally, the most useful 
addition for the medicinal chemist, a rational way of 
quantifying heteroatom content (5). The treatment of 
heteroatoms, introduced by Kier and Hall (1) and called 
valence molecular connectivity, brought molecular con- 
nectivity into the role of a structure quantitation method 
useful in structure-activity analyses of drug molecules. 
Several investigators have employed valence molecular 
connectivity in structure-activity relationship analyses 
of drugs (Table I). 


The growing use of molecular connectivity has resulted 
in an interest in the significance of the elements of the 
method and the meaning of the calculated indexes. Several 
misconceptions have arisen as a result of incomplete un- 
derstanding of molecular connectivity or of previous bias 
grounded in physicochemical relationships to drug action. 
This study explores the fundamental basis of molecular 
connectivity. 


DISCUSSION 


Method-The simple molecular connectivity index arises from the 
assignment of numerical adjacency values to each atom other than hy- 
drogen (the molecular skeleton) in a molecule. These values, called 6 
values, are cardinal numbers enumerating the presence of nonhydroge- 
nic-bonded neighbors, irrespective of what the element is or what mul- 
tiplicity of bonding is present. The assignment of 6 values for acetic acid 
is shown in Fig. la. The molecule is dissected into bonds, each described 
by two 6 values. 


A term for each bond (C, )  is calculated according to ck = ( 6 , 6 ~ ) ~ 1 ' 2 .  
These terms are summed over the entire molecule to give the simple 
molecular connectivity index of the first order (lx): 


'X = z(&6j)i1" = zck (Eq. 1) 


Applied to acetic acid in Fig. la, the calculated value for lx = 3(1 X 3)-'12 
= 1.732. 


An inspection of the acetone molecule in Fig. l b  shows an assignment 
of 6 values. This set of 6 values is the same as for acetic acid. It is possible 
that the 'x value of 1.732 for both of these molecules is sufficiently de- 
scriptive so that certain general properties, e.g., size and shape, may be 
predicted from a relating equation. However, i t  is more than likely that 
the obvious difference in the structures must be encoded to relate the 
molecules to many properties. 


T o  accomplish the encoding of structural differences, Kier and Hall 
went beyond the structural fact of adjacency and considered the count 
of the valence electrons participating in sigma, pi, and lone-pair orbitals 
on each atom, exclusive of bonds to hydrogen. This count, again a cardinal 
number, is the valence delta (6")  used to calculate a valence molecular 
connectivity index ('xu). The assignment of the 6" value to an atom is 
based on the number of valence electrons (2") not involved in bonds to 
hydrogen. Thus, 6 ;  = 2; - h,, where h, is the number of bonded hydro- 
gens on atom i. The significance of suppressing hydrogen in this count 
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Table I-Use of Valence Connectivity Indexes in Structure- 
Activity Relationship Studies 


Study Molecules Reference 


Toxicity of anesthetics Ethers 
Anesthetic potency Ethers, ketones 
Barbiturate potency Barbiturates 
Partition coefficient Hydroxyureas 
Carminative activity Alcohols, esters 
Chromatographic retention Alcohols 
Hiickel pi electron energy 
Taste threshold Alcohols, carbonyls, acids, 


esters 
Bitter taste Amino acids, peptides 
Boiling point Alcohols, amines, halides 
Solubilities 
Molar refraction 
General anesthetics Mixed 
Cytochrome conversion Phenols 
Sweet taste Nitroanilines 
Enzyme inhibition Benzyl alcohols 
Toxicity Phenyl hos hates 
Odor Benzal&hy&s, nitrobenzenes 
Hallucinogenic activity Phenylisopropyl amines 
Mutagenicity Nitrosamines 
Serotonin antagonists Phenalkylamines 
Serotonin antagonists Lysergic acid amides 
Muscarinic antagonists Amines 
Antimicrobial activity Phenyl propyl ethers 
Chromatographic retention Mixed 
General anesthetics Halocarbons 
Hallucinogenic agents Phenethylamines 
Monoamine oxidase Hydrazines 


Hormone class Steroids 
Reductase inhibitors Benzohydroxamic acids 


Aromatic hydrocarbons 


inhibitors 


14 
15 
16 
11 
18 
19 
20 
21 


22 
23 
23 
23 
24 
25 
25 
25 
25 
26 
21 
28 
29 
30 
31 
32 
33 
34 
35 
36 


31 
38 


will be discussed later. The calculation of lxU proceeds exactly as de- 
scribed for the simple molecular connectivity index. 


Figures lc  and Id show the assignments of 6" values to acetic acid and 
acetone, respectively. The calculated lxU values are clearly different, 
0.928 for acetic acid and 1.204 for acetone. Structural information is en- 
coded in these two different values and also in the common value for the 
simple 'x index. Studies have employed lx and IxU indexes singly and 
in concert as structural descriptors in structure-activity relationship 
analyses. Since molecular information encoded in these x values is de- 
rived from the 6 values of the atoms, insight into the significance of mo- 
lecular connectivity begins with analysis of the 6 values. 


Significance of Delta-Within the context of molecular connectivity, 
as developed by Kier and Hall, an atom in its valence state can be de- 
scribed by two cardinal numbers: 6, the number of bonded neighbors 
(excluding hydrogen), and the number of valence electrons (excluding 
those bonding hydrogen). This dual description of atoms is revealed in 
the matrix shown in Fig. 2 for second quantum level atoms in their valence 
states. Superimposed on this same matrix are the hydrides of these 
atoms. 


It is apparent that 6i is a count of the nonhydrogen sigma-bond elec- 
trons contributed by atom i. It follows that 6; is a more inclusive count 
of all valence electrons (not bonding to hydrogen), including those sigma 
electrons (ui) enumerated by 6i. Thus, the relationship is: 


67 = 6i + pi + ni = ui + pi + ni - hi (Eq. 2) 


where pi is the number of p orbital electrons and ni is the number of 
lone-pair electrons on atom i. The values of 6" and 6 depend on the ele- 
ment represented, its valence (hybrid) state, and the number of bonded 
hydrogen atoms. Thus, from Fig. 2,6 = 2; 6" = 4,5, and 6 describes an sp 
carbon, an sp2 nitrogen, and an sp3 oxygen, respectively. In contrast, 6" 


1 
1 
0 6 


6 
0 - 
It 1 


440 CH:3-C-CH:< CH3 -C, 3@0 CH3-C-CH:3 CH3-C. 
II 


'OH 3 1  'OH I 4 1 
1 5 


a b C d 
Figure 1-Assignment of 6 and 6' values to heteroatom molecules. Key: 
a, acetic acid with simple 6 values; b, acetone with simple 6 values; c, 
acetic acid with valence 6" values; and d, acetone with valence 6' 
values. 
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Figure 2-Atoms (and hydrides) defined by 6 and 6' values. 


= 4; 6 = 2,3, and 4 describes an sp carbon, an sp2 carbon, and an sp3 
carbon, respectively. 


Both 6" and 6 contribute to a description of the hybrid state of an el- 
ement or hydride. With these two cardinal numbers, 20 second quantum 
level atom valence states and hydrides are described in the matrix in Fig. 
2. 


It might be anticipated that the information available from 6; and hi, 
when formulated into bond descriptions and ultimately summed to a 
molecular value, would be of considerable utility in ranking molecules 
according to physical property values and biological activities. A wealth 
of published experience confirms this expectation. 


Two basically different kinds of information are encoded in the 6' and 
6 values of atoms and groups shown in Fig. 2. First, since 6" and 6 count 
sigma, pi, and lone-pair orbitals, it is expected that the space occupied 
by these orbitals might be described. This orbital space defines the ex- 
panse of the atom in its valence state due to the number and kind of or- 
bital domains of the atom. The measured or calculated volume of an atom 
(hence molecule) is a consequence of the number and kind of orbitals. 
The physicochemical manifestations of the volume (and closely related 
surface area) of a molecule are well known and are expected to be related 
to the volumes of the constituent atoms. 


The second type of information expected from the 6" and 6 values of 
a covalently bound atom is of an electronic character. The numbers of 
sigma, pi, and lone-pair electrons must govern certain electronic prop- 
erties that may be closely related to 8" and 6 of the atoms. When trans- 
lated into bonds and molecules, this electronic information may bear a 
significant relationship to certain molecular properties. 


Volume Information from d and d "-A number of investigators have 
dissected molecules into constituent fragment volumes to estimate the 
molecular volume. A notable contribution in this regard is the work of 
Bondi (6). Superimposing the Bondi atom volumes onto the 6", 6 matrix 
produces a pattern for direct comparison in Fig. 3. 


Figure 3 reveals that the volume of the atom or hydride diminishes with 
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Figure 3-Bondi atom and hydride volumes and aV, 6. The value for -0- 
is nueraged from alkyl aryf ethers. 


an increasing 6 u  value when holding 6 constant. The volume also di- 
minishes when 6 increases for a constant 6' value. These observations 
are not unexpected among cases where the number of hydrogens in the 
group diminishes. In cases where the fragment is a single atom in its va- 
lence state, the volume increases with an increase in the number of pi 
orbitals. This phenomenon occurs even though the number of valence 
electrons may be less. It is also apparent that the volume diminishes when 
the number of sigma electrons increases for a constant 6" value. 


From these observations, it is concluded that the structural features 
encoded by 6" and 6 act cooperatively to diminish the volume as nu- 
merical values increase. Such a relationship is revealed using regression 
analysis: 


VBondi = 17.03 - 1.59(SU + 6) (Eq. 3) 


r = 0.990 s = 0.52 n = 20 F =859 


The calculated values are compared with the Bondi volumes in Table 
11. With Eq. 3, additional fragments and small molecules are predicted. 
The ability to predict fragment values where experimental data are 
lacking is an important consequence of this relationship. 


So far, only second quantum level elements ( N  = 2) have been con- 
sidered. A more general equation is possible, accounting for the greater 
distance of the valence electron orbitals from the nuclei in third quantum 
level atoms: 


(Eq. 4) 


where N is the principal quantum number. For third-level atoms (N = 
3), the equation predicts the volumes for -S- and -C1 of 11.38 cm3/mole 
each, compared to 10.8 and 11.62 cm3/mole from Bondi (6). 


Bondi used the fragment values in a roughly additive way to estimate 


Table 11-Delta Values of Valence-State Atoms or Hydrides and 
Bondi Volumes 


~~ ~ 


Volume, cm:3/mole 
AtodHvdride d 6" Bondi" Calculated* 


\ /  
AC\ 4 4 3.39 4.31 


3 3 6.78 7.49 


2 2 10.23 10.67 


I 
I 


-CH 


13.67 
11.94 
7.50" 


11.55 
8.47 
4.45c 
8.04 


10.54 


13.85 
12.26 
7.49 


10.67 
9.08 
4.31 
7.49 


10.67 


'NH 2 4 8.08 7.49 


/N- 


/ 
\ 3 5 4.33 4.31 


- I N  1 5 7.90 7.49 
\ 


=O - NH 
=N- 
CHI 
NfG 


2- 3 4 5.54 5.90 
1 6 6.79 5.90 
1 4 9.50 9.08 
2 5 6.06 5.90 
0 0 17.12 17.03 
0 2 13.80 13.85 


(I From Ref. 6. * From Eq. 9. c Average values. 


molecular volume. Empirically based correction factors were introduced 
to account for branching, cyclization, and other structural effects. The 
formalism of molecular connectivity achieves a similar result without 
tabulated correction factors. The 6 values are used to describe bonds that 
are summed to give a molecular index. The molecular index ('xu) can 
correlate closely with experimental or computed volumes derived from 
various methods or procedures. For example, amino acid side-chain molar 
volumes in Table 111 correlate with a single-valence connectivity index, 
1 x u  (7): 


V(AI3 = 29.46 lxU + 36.30 


r 10.989 s =3.93 n = 18 F =696 


(Eq. 5) 


Electronic Information from b and b "-The 6" and 6 values are 


Table 111-Amino Acid Side-Chain Volume and 'xV 
I 
I 


R-CH 


Amino Acid, R 'XU V(A):' V(A):' calc. 


Glycine 
Alanine 
Valine 
Leucine 
Isoleucine 
Phenylalanine 
Proline 
Tryptophan 
Tyrosine 
Histidine 
Threonine 
Serine 
Asparagine 
Glutamine 
Aspartic acid 
Glutamic acid 
Lysine 
Arginine 


0 
0.577 
1.488 
1.971 
2.026 
2.672 
1.408 
3.417 
2.807 
2.079 
1.169 
0.724 
1.255 
1.755 
1.190 
1.690 
2.224 
2.550 


36.3 
52.6 
85.1 


102.0 
102.0 
113.9 
73.6 


135.4 
116.2 
91.1 
71.2 
54.9 
72.4 
92.7 
68.4 
84.7 


105.1 
109.1 


36.3 
53.3 
80.1 
94.4 
96.0 


115.0 
77.8 


137.0 
119.0 
97.6 
70.7 
57.6 
73.3 
88.0 
71.4 
86.1 


101.8 
111.4 


From Ref. 7. 
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Figure 4-Mulliken electronegativities and b', 6 .  


counts of electrons in sigma, pi, or lone-pair orbitals. The number and 
distribution of electrons certainly influence the electronic characteristics 
associated with atoms in the valence state. An obvious electronic property 
of a bonded atom in a molecule is electronegativity. Pauling (8) proposed 
this concept and defined it as a measure of the power of a chemically 
bonded atom to attract electrons to itself. Several measures of this 
characteristic were suggested, the most satisfactory being that of Mulliken 
(9). He computed electronegativity (XM) as the average value of the 
ionization potential and the electron affinity. Expressed in electron volts, 
this value was computed for atoms in their bonding valence states (10). 
The electronegativity scale of Pauling (8) is more familiar to chemists 
but does not distinguish among hybrid states of the same atom, although 
they certainly have different electronegativities (10). 


Figure 4 shows the Mulliken electronegativity values on the 6,6" matrix 
for some second-row atoms. Inspection reveals some obvious trends. For 
constant 6" = 4,6 = 2,3, and 4 describes sp, sp2 ,  and sp3  carbon atoms. 
Electronegativity diminishes in the same order. This electronic effect 
manifests itself in the decreasing acidity of the bonds: 


I 


I 
EC-H > =&H > -C-H 


As 6" decreases for constant 6, electronegativity decreases. The trends 
suggest that electronegativity is some function of 6" - 6. For the nine 
second-row atom valence states in Fig. 4, the following relationship ob- 
tains: 


X M  = 2.05(6" - 6) + 6.99 


r =0.989 s =0.60 n = 9  F =  305 


(Eq. 6) 


This correlation is excellent, with the standard deviation being less 
than the estimate of Hinze and Jaffe (10) due to uncertainties in the 
electron affinities. The intercept is close to the electronegativity of hy- 
drogen (7.17 ev), which would have a 6 u  - 6 value of zero. 


The interpretation of Eq. 6 is clear. It states that the electronegativity 
of an atom in its valence state is closely related to the number of electrons 
in pi and lone-pair orbitals. This is apparent from the relationships: 


6" = o + p  + n - h  (Eq. 7 a )  


6 = a - h  (Eq. 7b)  


(Eq. 7c) 6" - 6 = p  + n  


where u is the number of sigma bonding electrons other than to hydrogen. 
The observation that the electronegativity of a bound atom is due to the 
presence of pi and lone-pair orbitals leads to the conclusion that these 
electrons are inferior to sigma electrons on an atom in screening the core 
charge. This follows from the usual model that electronegativity manifests 
itself through sigma bonds; thus, electrons outside of these orbitals leave 
the core charge (+Z") less screened than when all valence electrons are 
sigma bonding (Csp3) .  


The relationship can be made more general to include atoms of other 
rows by realizing that the nuclear attraction for valence electrons (hence, 
the electronegativity) must be related to their distance from the nucleus 
and the screening effect of intervening electrons. This distance effect may 
be approximated by the square of the principal quantum number, N (11). 
The general expression relating the Mulliken electronegativities to the 
6 values for 19 atom valence states of the first, second, and third rows, 
which are prominent in forming covalent bonds, takes the form of 


6" - 6 
N2 


x, = 7.99- + 7.07 (Eq. 8) 


r = 0.988 s =0.48 n = 19 F =660 


The 6" value in Eq. 8 for third-row atoms is defined as 6" = Zu - h. The 
usual expression 6" = (Z" - h) / (Z  - Zu) is not used since the use of N 2  
corrects for the distance of the valence electrons from the nucleus and 
is more useful in relating the electronegativity directly to the count of 
exterjacent electrons, 6" - 6. The two expressions are numerically very 
close. 


The experimental and calculated results are shown in Table IV. The 
fifth column in Table IV, (6" - 6 ) / N 2 ,  is the molecular connectivity va- 
lence state electronegativity. This value can be compared to the Pauling 
estimate of electronegativity by adding 2.5 to the value, although the 
Pauling value is for an atom irrespective of the valence state. 


To conclude this section, it is stated that the number derived from 6;  
- 6, for atom i describes a property of a valence state atom closely ap- 
proximated by the electronegativity. Also, the number derived from 6 ;  
+ 6, for atom i describes a property of a valence state atom closely ap- 
proximated by the van der Waals volume contribution to the molecule. 
Mathematically, 6 ;  - 6, and 6 ;  + 6, are orthogonal; that is, they are in- 
dependent of each other. This orthogonality corresponds to the obser- 
vation that the Bondi volume and the Mulliken electronegativities from 
Figs. 3 and 4 autocorrelate only to the extent of r2 = 0.21. Orthogonal 
descriptors 6" - 6 and 6" + 6, simply derived from an inspection of atomic 
valence state structure and relating to electronegativity and van der 
Waals volume, should be of great practical use. 


Bond Formation-The 6" and 6 values for atoms in their valence 
states encode information about the electronegativity of atoms. The 
electronegativity of atoms in bonds influences several properties including 
ionicity, bond dipole, partial atomic charge, and bond strength, all re- 
sulting from electronegativity equalization (12). The calculation of mo- 
lecular connectivity indexes as a sum of bond indexes thus incorporates 
some information about electronic structure, encoded in the 6 values. 


The 6 u  and 6 values contain information about electron domains or 
orbitals associated with atoms. Thus, a volume characteristic is encoded 
in the 6 values. As a result, molecular connectivity indexes contain volume 
information. With the structural and physical significance of 6" and 6 
revealed, it is possible to derive the bond index encoding information 
about structure and properties. A series of concise statements develops 
this index. 


1. The 6" value is the number of nonhydrogenic valence electrons on 
an atom. The 6 value is the number of 6" electrons participating in 
nonhydrogenic u bonds from an atom. 


2. The properties of electronegativity and volume encoded in 6% for 
an atom (A) are considered to be contributed equally from all valence 
electrons or their orbitals. Thus, one electron from atom A forming one 
u bond will possess the fraction l /6% of the properties encoded in 6%. 


3. Atom A brings to the bond A-B the fraction l/SU, of the properties 
encoded by 6%. Atom B brings to the same bond the fraction 1/6% of the 
properties encoded by 6;.  
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Table IV-Delta Values of Valence State Atoms and Mulliken Electronegativities 


6" - 6 
Atom Hybrid State 6" 6 N2 XM", ev X calc. 


H 
B 
C 


N 


0 


Si 


P 


S 


c1 


S 
trtrtr 
didiaa 
trtrtrr 
t e t e t e t e 
di2diax 
trztrtra 
te2tetete 
tr2tr2tra 
te2te2tete 
didimr 
trtrtra 
tetetete 
di2diaa 
tr2trtra 
tetetete 
tr2tr2tra 
te2te2tete 
te2te2te2te 


1 
3 
4 
4 
4 
5 
5 


6 
6 
4 
4 
4 
5 
5 
5 
6 
6 
7 


5 


1 
3 
2 
3 
4 
1 
2 
3 
1 
2 
2 
3 
4 
1 
2 
3 
1 
2 
1 


0 
0 
0.50 
0.25 
0 
1.00 
0.75 
0.50 
1.25 
1.00 
0.22 
0.11 
0 
0.44 
0.33 
0.22 
0.55 
0.44 
0.66 


7.17 
6.34 


10.39 
8.79 
7.98 


15.68 
12.87 
11.54 
17.07 
15.25 
9.06 
7.90 
7.30 


11.25 
9.67 
8.90 


10.88 
10.14 
11.84 


7.05 
7.05 


11.04 
9.05 
7.05 


15.04 
13.04 
11.04 
17.04 
15.04 
8.82 
7.93 
7.05 


10.60 
9.71 
8.82 


11.49 
10.60 
12.37 


~ ~~ ~ 


Table V-Information Encoded in 'x and 6 Values for  Four-Atom Chains with 6 Values of A '-B2-C2-D' 


Exterjacent 
Electrons lx - l X U  Number Molecule A B C D lX" 


From Ref. 9. From Eq. 8. 


4. If the property under consideration is the electronegativity, then 
orbitals from A and B contributing the fractions 1/65 and l&, respec- 
tively, will become adjusted toward an equal intermediate electronega- 
tivity, which may be ascribed to the bond. This principle of electroneg- 
ativity equalization was set forth by Sanderson (12, 13), who proposed 
that the geometric mean of the atom electronegativities leads to the best 
description of the bond electronegativity. 


5. From Sanderson (12,13), [(1/65)(1/6",)11/2 is the algorithm appro- 
priate for two bonded atoms. This algorithm is identical to the molecular 
connectivity description of a bond (1) as shown in Eq. 1. 


6. The volume contributed by atom A to a bond A-B is the fraction 
1/85 of the total. The fraction l/6D, is the volume contributed from atom 
B. The bond has a "volume" due to orbital overlap that can be approxi- 
mated by 2 [(1/65)(1/63]1/2. With a constant of 2, [(1/65)(1/6~)]1/2 re- 
flects the relative volume of the bond A-B. This is the same expression 
describing the electronegativity of the A-B bond from statement 5. 


7. The orthogonal expressions 65 - 6~ and 6% + 6~ reflect the elec- 
tronegativity and volume of atom A ,  respectively. What is the role of 6~ 
in the calculation of Ixu? Each 65 appears 6~ times in the summation 
of [(1/65)(l/6D,)]1/2 to give lxU. Thus, lxU can be expected to correlate 
with some properties related to molecular volume and electronic char- 
acter. 


Hydrogen Suppression-It has been stated that hydrogen atoms are 
"SuDDressed" in the count of valence electrons and bonding neighbors - -  
to anatom (1). Thus: 


6" = Z" - h (Eq. 9a) 


6 = a - h  (Eq. 9b)  


where Zu is the number of valence electrons, h is the number of hydro- 
gens, and a is the number of bonding sigma electrons. The hydrogen in- 
fluence in reality is subsummed into modified 6" and 6 values reflecting 
the number of hydrogen atoms on the atom in question. The 6" value in 
combination with the 6 value thus is a description of an atom possessing 
volume and electronegativity characteristics associated with the hydride 


group, which is treated as a single atom. The 6" and 6 values accurately 
reflect the volume of the hydrides as seen in Table 11. The 6" and 6 values 
for hydride groups also correctly order the group electronegativities of 
OH, NH2, SH, and CH3, based on various estimates of these values. Thus, 
from Eq. 8, the predicted group electronegativities are X d O H )  = 15.07, 
Xw(NH2) = 11.07, XM(SH) = 10.63, and XM(CH~)  = 9.07, all on the 
Mulliken scale. 


The uniform exclusion of hydrogen makes the electronegativity and 
the volume of this atom a reference point. Note that in Eq. 8 relating to 
Mulliken electronegativity, the y intercept (when hU - 6 = 0) is the 
electronegativity of hydrogen. Similarly in Eq. 4 relating to the Bondi 
fragment volume, they intercept (when 6" = 6 = 0) for methane is the 
value of the sp3  carbon fragment plus all four hydrogen atoms. 


Index for a Molecule-The index for the molecule, Ixu, is written 
as a summation of the bond terms: 


This is the valence molecular connectivity index of first order since it is 
summed over all bonds that are single-path fragments of the molecule. 


Valence molecular connectivity is built on the sigma electron or in- 
terjacent electron framework of the molecule. The presence of an atom, 
i, with nonsigma valence electrons, pi, or lone-pair electrons, which can 
be called exterjacent electrons, results in the fraction 1/67 being smaller 
than 1/6i. The value of lxu for the molecule containing atom i with ex- 
terjacent electrons reflects the total number of bonds and their adjacency, 
but it also reflects the diminished value, 1/67, due to the presence of ex- 
terjacent electrons on atom i. 


With the data in Table V, a series of comparisons reveals the encoded 
structural information in lxU values. Molecule 1, butane, is the reference 
structure where all 6y = 6i; hence, IxU = 'x = 1.914. There are no extra- 
jacent electrons so 1x - 1x0 = 0. 


Molecules 2 and 3 in Table V are four-atom amines (excluding hy- 
drogens), each with two exterjacent electrons on the nitrogen. Since the 
positions of the nitrogen atoms in the chains are different in each case, 
the fractional contributions of valence electrons forming nonhydrogenic 


1 1 2 2 1 1.914 


6 C H ~ C H ~ I  
7 CH&H=CHCH3- 1 3 3 1 1.488 


CHL!HoCH=O 1 2 3 6 1.351 


11 HO--1 


0 0 
2 0.299 
2 0.353 
4 0.391 
4 0.510 
2 0.390 
2 0.426 
6 0.563 
4 0.565 
4 0.664 
8 
8 


12 


0.782 
0.878 
1.109 
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Table VI-Mixotropic Series Solvents Ranked by Polarity and 
' X  " 


Dielectric 
Solvent lXU Constant 


Hexane 
Carbon tetrachloride 
p-Dioxane 
Benzene 
Ethyl ether 
Ethyl acetate 
Methyl ethyl ketone 
Propanol 
Acetone 
Ethanol 
Methanol 
Water 


2.914 
2.390 
2.155 
2.000 
1.992 
1.904 
1.765 
i.523 
1.204 
1.023 
0.447 
0 


1.89 ~ ~~ 


2.24 
2.21 
2.30 
4.34 
6.02 


18.50 
20.10 
20.70 
24.3 
32.80 
78.0 


bonds are different. The nitrogen in Molecule 2 contributes one-third 
[(l/6U,) = of its nonhydrogenic valence electrons to form one sigma 
bond to carbon. The nitrogen in Molecule 3, contributes one-fourth 
[(1/6$,) = l/4] of its nonhydrogenic valence electrons to each of two sigma 
bonds with adjacent carbons. The indexes for bonds B-C and C-D thus 
are different for these cases. As a consequence, the lxU indexes are dif- 
ferent for Molecules 2 and 3, and each, in turn, is different and less than 
the value for Molecule 1. 


Viewed in terms of valence electron structure information, it is obvious 
that in Molecule 2 the nitrogen bonds only once to a carbon and, there- 
fore, participates only once as an amine group in an electronegativity 
equalization event (12). In Molecule 3, the nitrogen is located midchain 
and, therefore, participates in two bonds to carbons, with two opportu- 
nities to participate in electronegativity equalization. Clearly, electron- 
ically governed properties differ and are potentially correlated with the 
lxU values. The formation of two sigma bonds by nitrogen in Molecule 
3 leads to two electronegativity equalization events, resulting in a greater 
buildup of charge on the nitrogen in Molecule 3. Thus, Molecule 3 is more 
basic than Molecule 2. Within closely related amines, the 1x - lxU dif- 
ference appears to parallel this effect. It follows that 'x - lxU for tri- 
methylamine is 0.390, suggesting that it is more basic than Molecule 3. 
This is true in the gas phase. 


The two amines, Molecules 2 and 3, have the same number and kind 
of atoms. They differ from the reference structure, butane, by having two 
exterjacent electrons on one atom. The calculated lxU value reflects both 
the presence of the exterjacent electrons and the adjacency relationship 
of that atom (nitrogen) to other atoms in the molecule. The diminished 
value of lxU for Molecule 3, relative to butane and to its positional iso- 
meric amine, parallels structural differences that can be interpreted in 
electronic terms such as relative charge and basicity. 


As a companion to the electronic interpretation of the information 
encoded by the different lxU values, the volumes are expected to be dif- 
ferent. Thus, properties governed by volume are expected to, and have 
been shown to, parallel the calculated lxU values for a series of amines 
(1).  


In Molecules 4 and 5 (Table V), oxygen is the atom contributing ex- 
trajacent electrons to the molecules. The same pattern of results is found 
as for the amines. The terminal oxygen in Molecule 4 with six valence 
electrons has a bonded hydrogen; hence, 6" = Z" - h = 6 - 1 = 5. Thus, 


Table VII-Relative Benzene-Likeness of Hydrocarbons and 
Heterocycles 


Molecule 1 X U  'x U/Bonds B" 


Benzene 
Naphthalene 
Phenanthrene 
Anthracene 
Pyrrole 
Pyridine 
Furan 
Pyrazine 
Imidazole 
Pyrimidine 
Isoxazole 
Oxazole 
Svdnone 


2.000 
3.405 
4.815 
4.808 
1.577 
1.850 
1.471 
1.716 
1.427 
1.699 
1.343 
1.321 
1.338 


a Benzene-likeness from ['X"/bonds 
zene)]. 


0.333 1.00 
0.310 0.93 
0.301 0.90 
0.300 0.90 
0.315 0.95 
0.308 0.93 
0.294 0.88 
0.286 0.86 
0.285 0.86 
0.283 0.85 
0.269 0.81 
0.264 0.79 
0.223 0.67 


(for molecule)]/[1~~/bonds (for ben- 


(1/6") = l/5 describes the sigma electron fraction forming a hydroxyl 
oxygen bond to a carbon. Only one sigma bond involves the hydroxyl 
oxygen group. In Molecule 5, the 6" for oxygen is 6; hence, (l/6") = 
describes each of two sigma electrons bonding to two adjacent carbons. 
E1ectronegativit.y equalization and atom volume overlapping are possible 
through two bonds in Molecule 5 but only one in Molecule 4. The greater 
'x - lx" calculated for Molecule 5 reflects the consequences of this 
greater degree of adjacency. Note also that the lxU for Molecule 4 is less 
than that of Molecule 2 (and 5 is less than that of 3), reflecting more ex- 
trajacent electrons on the oxygen-containing molecules. A physical 
manifestation mirroring this result is the lower ionization potentials of 
ethers relative to alcohols of the same size. A lone-pair electron is the one 
lost in this process. 


Molecules 6 and 7 in Table V describe a different situation. In these 
isomeric alkenes, there are two exterjacent electrons but they are not 
paired on the same atom, as with the amines; they are located on adjacent 
atoms. Thus, the 6" values for Molecule 6 are different from the reference 
butane structure in the case of two atoms. This situation is typical of an 
unsaturated bond. As a consequence, of the three bond indexes calculated 
for each alkene molecule, two differ from the reference molecule for 
Molecule 6 and all three differ for Molecule 7. Thus, the 'xu for Molecule 
7 is lower than that for Molecule 6. The lower lxU value for Molecule 7 
relative to Molecule 6 presages a greater availability of the pi electrons. 
Thus, Molecule 7 reacts faster with electrophiles and has a lower heat of 
hydrogenation and a lower ionization potential. 


By extending this list of four-atom molecules in Table V, it can be seen 
that with an increasing number of exterjacent electrons, lxU decreases. 
The series might be called an increasing "exterjacency series." There is 
a parallel with physical experience relating to stability, polarity as a 
solvent, and chemical reactivity. Table VI ranks common solvents by 
polarity, expressed as the dielectric constant correlating with lxU. The 
relative exterjacency, encoded in the lxL. value, manifests itself as a 
structural description in another way. For benzene, for example, the 
simple 6 values for the ring atoms are uniformly 2. The 'x value is 3.000. 
In contrast, the 6 u  values are uniformly 3, leading to a lxU value of 2.000. 
The specific exterjacency (per bond) ('x - 'xU)/6 is 0.333. It is now 
possible to rank cyclic heterocycles relative to benzene to compare their 
likeness to it (Table VII). 


The molecular volume information encoded in lxU is easy to envision. 
A glance down the molecules in Table V reveals that lx" decreases with 
decreasing bond lengths. Thus, the ranking closely parallels the molecular 
volume. 


SUMMARY 


The valence molecular connectivity index ('xu) is derived from a 
cardinal number (6") enumerating the valence electrons on an atom not 
bonding to hydrogen. The 6" number is used 6 times in calculating lx", 
where 6 is the number of sigma electrons on an atom not bonding to hy- 
drogen. These two cardinal numbers specify the hybrid states or valence 
states of any atom within a quantum level. 


In this study, it was shown that the atomic fragment volume approxi- 
mations used in assessing molecular volume are highly correlated with 
the value of 6" + 6 for an atom in its valence state. It also was shown that 
the valence state electronegativity estimates of Mulliken correlate well 
with the value of 6" - 6 for an atom in its valence state. These two rela- 
tionships are general for atoms in a t  least the first three quantum 
levels. 


The 6" value, when formulated into the lxU value for a molecule, carries 
with it information relating to both volume and electronic character. A 
simple analogy is the observation that the number 12 carries information 
about the space occupied by a dozen freshly laid eggs and the number of 
embryonic heartbeats. Thus, an sp3 nitrogen atom has a 6" = 5. The 
cardinal number, 5, counts orbitals contributing to a spatial property, 
volume. The number 5 concurrently counts the number of valence elec- 
trons, which govern electronic characteristics. This duality in the infor- 
mation encoded in the cardinal number ( 6 ~ )  leads to a duality of struc- 
tural information encoded in the derived lxU value. 


The volume information encoded in lxU values has been demonstrated 
on numerous occasions in the form of close correlations with volume- 
related physical properties (39). Other studies showed that properties 
largely governed by electronic composition also correlate with lxU in- 
dexes. Inspection of the many studies using valence connectivity indexes 
(Table I) show both aspects of structure relating to these indexes. 


In this study, for the first time, a derivation of lxU from 6" has been 
shown. It is based on the assignment of fractional parts of properties 
ascribed to the valence electrons of a bonding atom. The fractions 1/6" 
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for bonding atoms contribute to the bond so that the geometric mean of 
the fraction products characterizes the new physical environment. Thus, 
a bond index is born. The bond indexes [(l/SU,)(l/S~)]1/2 are summed to 
form the molecular connectivity index, lx”. 
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Abstract 0 Contaminanta in a commercial enema sample of theophylline 
olamine were found to be derived from parabens and ethanolamine. 
These contaminants, whose presence was characterized by the loss of 
preservatives and solubilizing agent, were isolated directly from the drug 
sample and identified. A high-performance liquid chromatographic 
(HPLC) system was developed to separate completely and to measure 
quantitatively theophylline, the two impurities, 4-hydroxybenzoic acid 
and N-(2-hydroxyethyl)-4-hydroxybenzamide, and the remaining par- 
abens. The material balance obtained from the results of quantitative 
HPLC indicated the formation of these impurities a t  the expense of 
parabens. TLC, IR, and UV spectrophotometry and NMR and mass 
spectrometric analyses were used for identification or for comparisons 
of the new compound and the known N-(2-hydroxyethyl)benzamide. 
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During a survey of xanthine derivative drugs conducted 
by the National Center for Drug Analysis, assay of some 
enema solutions containing theophylline olamine was at- 
tempted with a high-performance liquid chromatographic 


(HPLC) method that had been used successfully for 
theophylline elixirs. The analysis showed that, in addition 
to theophylline and parabens, the sample contained two 
impurities. This paper discusses the identification and 
quantitation of these two substances. 


BACKGROUND 
The approach followed in this laboratory study was dictated primarily 


by the small amounts of sample initially available. It involved, first, the 
original detection of the impurities 4-hydroxybenzoic acid (I) and N -  
(2-hydroxyethyl)-4-hydroxybenzamide (11) by HPLC and TLC, with 
characterization of their aromatic nature by UV spectrophotometry; and, 
second, identification by isolation of the impurities from the drug sample 
and direct comparison with standards by mixed melting-point deter- 
minations and IR and NMR analyses. Identities were confirmed by 
HPLC and TLC comparisons of the original drug solution with com- 
mercial and synthesized standards and by a wide collection of spectral 
data. Finally, the theophylline peak was displaced from the narrow region 
between the impurity peaks by adjusting the mobile phase to enable 
quantitative HPLC analysis. 


The question of isomerism in the conventional syntheses used to pre- 
pare the amides arose because two materials whose elemental analyses 
were consistent for N-(2-hydroxyethyl)benzamide (111) showed different 
properties. The problem was resolved by purification that showed the 
materials to be identical; moreover, the mass fragmentations were con- 
sistent with the structures given for I1 and its structural analog, 111. 


This work demonstrates that parabens can interact chemically with 
amines used as complexing agents in the compounding of theophylline 
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for bonding atoms contribute to the bond so that the geometric mean of 
the fraction products characterizes the new physical environment. Thus, 
a bond index is born. The bond indexes [(l/SU,)(l/S~)]1/2 are summed to 
form the molecular connectivity index, lx”. 
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During a survey of xanthine derivative drugs conducted 
by the National Center for Drug Analysis, assay of some 
enema solutions containing theophylline olamine was at- 
tempted with a high-performance liquid chromatographic 


(HPLC) method that had been used successfully for 
theophylline elixirs. The analysis showed that, in addition 
to theophylline and parabens, the sample contained two 
impurities. This paper discusses the identification and 
quantitation of these two substances. 


BACKGROUND 
The approach followed in this laboratory study was dictated primarily 


by the small amounts of sample initially available. It involved, first, the 
original detection of the impurities 4-hydroxybenzoic acid (I) and N -  
(2-hydroxyethyl)-4-hydroxybenzamide (11) by HPLC and TLC, with 
characterization of their aromatic nature by UV spectrophotometry; and, 
second, identification by isolation of the impurities from the drug sample 
and direct comparison with standards by mixed melting-point deter- 
minations and IR and NMR analyses. Identities were confirmed by 
HPLC and TLC comparisons of the original drug solution with com- 
mercial and synthesized standards and by a wide collection of spectral 
data. Finally, the theophylline peak was displaced from the narrow region 
between the impurity peaks by adjusting the mobile phase to enable 
quantitative HPLC analysis. 


The question of isomerism in the conventional syntheses used to pre- 
pare the amides arose because two materials whose elemental analyses 
were consistent for N-(2-hydroxyethyl)benzamide (111) showed different 
properties. The problem was resolved by purification that showed the 
materials to be identical; moreover, the mass fragmentations were con- 
sistent with the structures given for I1 and its structural analog, 111. 


This work demonstrates that parabens can interact chemically with 
amines used as complexing agents in the compounding of theophylline 
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drugs. As a result, foreign substances are introduced into the drug sample, 
the amount of active drug in the form of the absorbable soluble amine 
complex is reduced, and the bactericidal and fungicidal properties of the 
paraben preservative are reduced because of its consumption. 


EXPERIMENTAL 


Materials-Distilled-in-glass chloroform', acetone', methanol', and 
acetonitrile' and reagent grade sodium bicarbonate, hydrochloric acid, 
acetic acid, ethanol, silver nitrate, and magnesium sulfate were used. 
Deionized water was used in preparing mobile phases and in extraction. 
Benzene2 was 99 mole % pure, and ether3 was anhydrous analytical re- 
agent grade. The reactants, primary standard benzoic acid3, organic re- 
agent 4-hydroxybenzoic acid3, reagent grade methyl and propyl p-hy- 
dro~ybenzoate~, and purified grade ethanolamine4, were used as re- 
ceived. 


Theophylline monohydrate3 (USP grade), phenol3 (analytical reagent 
grade), and ferric chloride2 (certified ACS grade) were used. The spray 
reagents, ninhydrin5 [0.2% in methanol-isopropanol (30:70)] and 
bromcresol green6 (0.05% in isopropanol), were used as detection agents 
for TLC. Base-range7 and short-ranges pH paper, silica gel columnss (2.5 
cm), and TLC plates'O were used. 


Instruments and Parameters-Grating IR spectrophotometers", 
a UVhear-IR spectrophotometer12, a 60-MHz NMR ~pectrometer'~, a 
high-performance liquid chr~matograph'~, and a double-focusing mass 
~pectrometer'~ interfaced to a data system16 were employed. Melting 
points were taken in a capillary melting-point apparatus17. 


Direct insertion by probe was used for mass spectrometry under the 
following conditions: acceleration voltage, 300 v; source temperature, 
200'; electron energy, 70 ev; emission current, 1 mamp; scan rate (SR 22), 
4 sec/mass decade, exponential; and multiplier, 16-stage dynode at  2.6 
kv (lo6 gain, minimum). 


Instrument parameters for HPLC included a UVdetector with a fixed 
wavelength of 254 nm and a microparticulate reversed-phase column'* 
(30 cm X 3.9 mm id.). The mobile phase was 0.1% acetic acid in 10% ac- 
etonitrile. A flow rate of 2.0 ml/min and an automatic injector with a 20-4 
loop were used. Retention times were converted to capacity factors. 


TLC-Substances were spotted as methanol solutions. The drug 
sample was spotted directly on silica gel plates ( 5  X 7.5 cm) or was acid- 
ified toward litmus with hydrochloric acid and extracted once or twice 
with equal volumes of chloroform before spotting. The chromatograms 
were developed with a mixed solvent (equal volumes of chloroform and 
acetone) by the equilibrated, ascending technique in a tank lined with 
filter paper. 


Spots were placed 1 cm from the base of the plate, and the solvent was 
developed just to the top of the plate. Most spots were located by short- 
wave UV irradiation, but ethanolamine spots were developed either by 
spraying the plate with ninhydrin and placing it in an oven at 100' for 
3 min or by spraying with bromcresol green. 


Detection of Impurities by HPLC and TLC-UV Characteriza- 
tion-The mobile phase consisted of 0.1% acetic acid in 10% acetonitrile. 
A sample of the drug solution diluted with 10 volumes of absolute 
methanol was injected directly for HPLC analysis. To remove the para- 
bens, another sample was made acidic to litmus with 6 N HCl and washed 
three times with equal volumes of chloroform prior to HPLC analysis. 
These aqueous layers also were analyzed by TLC. Materials represented 
by the outside halves of the two peaks of the impurities were collected 
during elution in the HPLC of the drug sample that previously had been 
washed free of parabens. These eluents were examined by TLC and then 
by UV spectrophotometry. 


Burdick & Jackson Laboratories, Muskegon, Mich., and Taylor Chemical Co., 


Fisher Scientific Co., Fair Lawn, N J  07410. 
Mallinckrodt Chemical Works, St. Louis, MO 63147. 
Sigma Chemical Co., St. Louis, MO 63118. 
Quantum Industries, Fairfield, N J  07006. 
EM reagent, Curtin Matheson Scientific, Maryland Heights, MO 63043. 
Accutint indicator paper, Anachemia Chemicals, Champlain, NY 12919. 
Short-range Alkacid, Fisher Scientific Co., Fair Lawn, NJ 07410. 
Sep-Pak silica cartridge, Waters Associates, Milford, MA 01757. 


lo EM 60 F-254 silica gel plates, EM Laboratories, Elmsford, NY 10523. 
l1 Models 337 and 621, Perkin-Elmer Corp., Norwalk, CT 06856. 
l2 Model ACTA MIV, Beckman Instruments, Fullerton, CA 92634. 
l3 Varian Instrument Division, Palo Alto, CA 94303. 
l4 Model 3500B, Spectra-Physics, Santa Clara, CA 95051. 
l5 MAT 311, Varian Associates, Instrument Group, Palo Alto, CA 94303. 
l6 620 L 100, Varian Associates, Instrument Group, Palo Alto, CA 94303. 
l7 Thomas-Hoover, Arthur H. Thomas Co., Philadelphia, PA 19105. 
I8gBondapak Cia, Waters Associates, Milford, MA 01757. 


St. Louis, MO 63144. 


An authentic theophylline monohydrate sample was dissolved in a 
solvent consisting of 0.1% acetic acid in 10% acetonitrile and also was 
examined by UV spectrophotometry for comparison. 


Extraction of Drug Sample Impurities-Separation of Impurities 
from Theophylline and Parabens and Isolation of I-A 10-ml portion 
of the basic (pH 8.8) enema solution was adjusted to pH 5.0 with short- 
range paper by dropwise addition of 6 N HCl and was extracted by 
shaking for 5 min with 60 ml of chloroform. The extraction was repeated 
three times to provide complete separation of theophylline and parabens 
from the aqueous solution as ascertained by TLC. The aqueous solution 
then was extracted twice with 40-ml portions of ether and saved for 
subsequent isolation of 11. 


The combined ether extracts, containing any free I, were dried over 
anhydrous magnesium sulfate and filtered. To obtain the product, the 
ether was removed from the solution on a steam bath under nitrogen; the 
residue was kept on the steam bath under nitrogen for 5 min to ensure 
complete solvent removal. The material was recrystallized from aceto- 
nitrile, dried at  55'/3 mm for 1 hr, and examined by IR and NMR anal- 
yses and melting-point determination. 


Isolation of IZ-A 50-ml portion of the drug sample was treated as 
already described, and the aqueous solution remaining after chloroform 
and ether extraction was evaporated to dryness on a steam bath under 
a strong nitrogen flush. The solid residue was extracted twice with 15 ml 
of boiling acetonitrile to remove 11. The undissolved portion of the residue 
remained fluid during the hot extraction but solidified immediately upon 
cooling, permitting solvent decantation. The undissolved residue was 
recrystallized from absolute ethanol and identified by comparison with 
a synthesized sample of ethanolamine hydrochloride, whose preparation 
will be described. 
. The acetonitrile solutions were combined and filtered, and a portion 
of the filtrate was tested by TLC for the presence of I1 and residual eth- 
anolamine. The remaining filtrate was evaporated on a steam bath under 
a nitrogen flush to remove the solvent, leaving a semisolid residue. Amide 
I1 was detected on TLC plates by fluorescence diminution, and etha- 
nolamine at the origin of the chromatogram was detected by pH-sensitive 
bromcresol green spray or by ninhydrin spray followed by a 3-4-min 
exposure to 100' heat. 


A 2.5-cm silica gel cartridges was preconditioned by passing 40 ml of 
chloroform through it. The semisolid residue from the acetonitrile 
evaporation was dissolved in the minimum amount (-4-5 drops) of ab- 
solute methanol, transferred with a capillary tube to the top of the col- 
umn, and washed onto the cartridge three times with minimum portions 
of chloroform. 


Chloroform (100 ml) was passed through the column to remove any 
impurities present in the forerun, and I1 then was eluted with chloro- 
form-acetone (1:l). For product isolation and identification, the first few 
mililiters of eluate were evaporated to dryness by warming under a flush 
of nitrogen. The residue was used for subsequent identification of 11. 


In addition to characterizing the impurities directly in the drug sample 
through extraction, HPLC evidence was obtained by spiking the drug 
sample with additional amounts of reagent grade I and synthesized 11. 


Preparation of Ethanolamine Hydrochloride-An aqueous solu- 
tion of ethanolamine containing 10% molar excess of hydrochloric acid 
was evaporated almost to dryness by boiling and completely to dryness 
by azeotropic removal of water with benzene. The white crystals obtained 
upon cooling were recrystallized from a small amount of absolute ethanol 
under a nitrogen atmosphere to preclude moisture, but they were not 
particularly deliquescent. The crystallized material was dried at 55'/3-4 
mm for 3 hr, mp 83.0-83.8'. 


Anal.-Calc. for C2HsClNO: C, 24.68 H, 8.27; N, 14.36. Found: C, 
24.81; H, 8.35; N, 14.29. 


Synthesis of I1 from Methylparaben and Ethanolamine-Methyl 
4-hydroxybenzoate (15.2 g, 0.10 mole) and 6.11 g of ethanolamine (0.10 
mole) were placed in a round-bottom flask fitted with a vacuum adapter 
to a small 15-ml receiver. The system was flushed with nitrogen, and the 
reaction was carried out under a nitrogen atmosphere. The flask was 
immersed in an oil bath a t  103-107° for 10.5 hr, with the clear melt being 
agitated by a magnetic stirring bar. Only a few drops of liquid collected 
in the receiver, but a hard, sticky semisolid formed in the reaction mixture 
upon cooling. The solid was triturated for 10 min with 60 ml of chloro- 
form. 


This process was repeated four times, during which the semisolid be- 
came tacky and hard. The solid was triturated twice with 40 ml of dry 
ether, which left a granular white solid. Crystallization from a small 
amount of absolute ethanol gave 6.00 g (33%) of white solid (II), mp 
145-151'. Recrystallization two more times and drying at  100°/5 mm for 
2 hr gave a sample, mp 155.3-156.3', suitable for analysis. IR spectral 
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analysis showed prominent bands a t  3370,3240,1610,1570,1510,1320, 
1290,1240,1185,1080,1065,860, and 710 cm-l. The product was insol- 
uble in chloroform and ether and also could be crystallized from water, 
acetonitrile, and acetone. A sample also was submitted for mass spec- 
trometric and elemental analyses. 


Anal.-Calc. for C9HllN03: C, 59.66; H, 6.12; N, 7.72. Found: C, 59.80; 
H, 6.44; N, 7.52. 


Preparation of I1 by Reaction between I and Ethanolamine-A 
very low yield of product was obtained in this procedure. A mixture of 
13.8 g of I (0.10 mole) and 6.11 g of ethanolamine (0.10 mole) was heated 
gradually to 200' according to the procedure of Wenker (1). Vacuum 
distillation, after a small forerun, gave -10 ml of a colorless liquid having 
a phenol odor, bp 77-79'/11 mm. This distillate had a boiling point cor- 
responding to that of phenol but gave a negative test for phenol with 1% 
ferric chloride solution and with ferric chloride-urea reagent (2), and it 
gave a poor IR spectral match with pure phenol. 


A developed TLC plate containing the material indicated the presence 
of ethanolamine when sprayed with bromcresol green. Approximately 
4 drops of the distillate were dissolved in chloroform and placed on the 
top of a silica gel cartridge that had been conditioned previously with 40 
ml of chloroform. When ethyl acetate was passed through the cartridge, 
pure phenol eluted within the first 2 ml and was identified by TLC after 
comparison with phenol spotted alongside the distillate (Rf 0.68). When 
the chromatogram was sprayed with bromcresol green, no blue spot for 
ethanolamine appeared. The material purified by chromatography gave 
a deep-purple color with 1% ferric chloride solution and with ferric 
chloride-urea reagent, as expected for phenol. The IR spectrum also 
matched that of an authentic phenol sample. 


A small amount of the desired product was obtained from the sticky, 
semisolid residue (2.3 g) left after the distillation. This residue was trit- 
urated twice with 10 ml of chloroform and once with 10 ml of anhydrous 
ether, leaving 2.13 g (11.8%) of light-brown granular solid. After two re- 
crystallizations from absolute ethanol, the product melted at  155.2- 
156.2'. It was shown to be I1 by mixed melting point with the analytically 
pure sample of this substance prepared as already described and by 
comparison of the IR spectrum with that of the pure compound. TLC of 
the two synthesized samples and the isolated amide I1 showed identical 
Rf  values. 


Synthesis of 111 from Benzoic Acid and Ethanolamine-Com- 
pound 111 was synthesized by the procedure of Wenker (1). In the present 
study, a reaction on a 0.1 M scale gave a forerun of -1 g of sublimate upon 
distillation. This white solid was recrystallized twice from 95% ethanol 
(mp 143.5-144.5') and dried at 55'/3 mm for 1.5 hr. Results of elemental 
analysis were consistent with the structure for P-hydroxyethylammonium 
benzoate. 


Anal.-Calc. for C9H13N03: C, 59.00; H, 7.15; N, 7.65. Found C, 59.12; 
H, 7.41; N, 7.57. 


The identity of this substance was confirmed as follows. Known 
P-hydroxyethylammonium benzoate was obtained as a white solid, which 
crystallized on cooling from a hot acetone solution of equimolar amounts 
of benzoic acid and ethanolamine. No melting-point depression was ob- 
served from a mixture of the known and unknown materials. 


Continued distillation yielded -8 g of an oily product, which failed to 
give a dry crystalline product on attempted crystallization from common 
solvents; however, a crystalline product was obtained in two ways. First, 
in a crystal growth technique, a small amount of the oil was placed in an 
erlenmeyer flask with a small overlayer of dry ether; the flask was stop- 
pered and stored in the freezer compartment of a refrigerator. Soft, fi- 
brous, single needles, 3 cm long, grew out of the mass overnight, leaving 
a t  the origin only a very small amount of liquid unconverted to crystals. 
The product was collected quickly, washed with a small amount of dry 
ether, dried in air, and crushed to a white powder, Rf  0.30, mp 63.545.8' 
[lit. (3) mp 66-67']. 


The product (111) was dried over phosphorus pentoxide for 1 hr and 
then at 55O/4 mm for 1.5 hr. It then was submitted for mass spectrometric 
and elemental analyses. 


Anal.-Calc. for CgHllN02: C, 65.44; H, 6.71; N, 8.48. Found C, 65.20; 
H, 6.93; N, 8.31. 


Some crystals were used to seed the crude distillate. On standing sev- 
eral hours, the distillate crystallized to a semisolid laced with needles. 
However, the needles were thixotropic, and the crystals became fluid and 
were adsorbed when collection on filter paper by filtration or by pressing 
on tile was attempted. 


In the second purification procedure, a double silica gel cartridge (two 
silica gel cartridgesg connected in tandem with an inserted small piece 
of glass tubing) was preconditioned with chloroform as already described. 
A portion of the crude distillate (119 mg) was dissolved in 0.2 ml of 


chloroform, applied to the top of the column, and washed into the column 
by two applications of a few drops of chloroform. Chloroform was used 
for development and elution. The first 10 ml of eluate contained only 
small amounts of impurities and was discarded. 


The amide product (111) eluted completely in the next 70 ml. The sol- 
vent was removed from this fraction by warming under nitrogen, leaving 
a heavy oil. When scratched with a stirring rod, this oil formed a hard 
white solid, mp 63.8-64.5O. This product was free of ethanolamine, as 
determined by TLC and bromcresol green spray. The products isolated 
by the crystal growth and silica gel cartridge techniques were shown to 
be identical by mixed melting-point and IR analyses (3300,3140,1600, 
1520, 1440, 1370, 1320,1290,1200,1150,1060,1040,870,800,760, and 
690 cm-l). 


Quantitative Study by HPLC-Mobile Phase-Impurities I1 and 
I and theophylline were determined by HPLC, using a mobile phase of 
0.5% acetic acid in 2.8% aqueous acetonitrile. Methylparaben was de- 
termined with 0.5% acetic acid in 10% aqueous acetonitrile, and propyl- 
paraben was determined with 0.5% acetic acid in 25% aqueous acetoni- 
trile. 


Sample and Standard Solutions-A stock solution of I1 (synthesized 
from paraben) was prepared by dissolving 22.1 mg of the recrystallized 
compound in 250.0 ml of methanol (88.4 pg/ml). This stock solution was 
diluted to 79.6,44.2, and 26.5 pg/ml with methanol. A sample solution 
was prepared by diluting 5.0 ml of enema solution to 50.0 ml with meth- 
anol. 


A solution of I was prepared by dissolving 60.0 mg in 200.0 ml of 
methanol (300 Mg/ml) and was used directly. Another solution of I was 
prepared by dissolving 42.6 mg in 200.0 ml of methanol (213 pglml), and 
an aliquot of this solution was diluted to 102 pgfml with methanol. A 
sample solution was prepared by diluting 5.0 ml of enema solution to 50.0 
ml with methanol. 


The stock methylparaben solution was prepared by dissolving 20.0 mg 
of methylparaben in 100.0 ml of methanol (200 pgfml), and aliquots were 
diluted to 160,80,60, and 44 pglml with methanol. A sample solution was 
prepared by diluting 6.0 ml of enema solution to 50.0 ml with meth- 
anol. 


The stock propylparaben solution was prepared by dissolving 20.0 mg 
of propylparaben in 100.0 ml of methanol (200pglml). This stock solution 
was diluted to 128,100, and 50 pg/ml with methanol. A sample solution 
was prepared by diluting 17.0 ml of enema solution to 50.0 ml with 
methanol. 


A stock solution of theophylline was prepared by dissolving 153 mg of 
anhydrous theophylline in 100.0 ml of methanol (1.530 mg/ml), and ali- 
quots were diluted to 1.150, 0.770, and 0.380 mg/ml with methanol. A 
sample solution was prepared hy diluting 3.0 ml of enema solution to 50.0 
ml with methanol. 


HPLC Method-After the approximate concentration of each com- 
ponent of the sample solution was determined, standard solutions were 
prepared to range from -50 to 150% of these concentrations. Each sample 
and standard solution was injected at least three times, and peak heights 
were measured manually. Each sample component was calculated by: 


C ,  = H,/H,&,DF (Es. 1) 
where C,  and C, are the concentrations (milligrams per milliliter) of each 
component of the sample solution and of the corresponding standard, 
respectively; H ,  and HBa are the peak heights of the sample and standard 
solutions, respectively, such that the standard concentration is chosen 
to yield a standard peak height within 5% of the sample peak height; and 
DF is the sample dilution factor. 


The full-scale absorbance settings were: theophylline and I, 0.64; I1 
and methylparaben, 0.16; and propylparaben, 0.08. The recorder chart 
was operated at  30.48 cmhr. 


Ethanolamine-Ethanolamine was determined by the official NF 
method (4). 


RESULTS AND DISCUSSION 


The chromatogram obtained from the HPLC (0.1% acetic acid in 10% 
acetonitrile) determination of the diluted enema solution or the drug 
solution applied directly on the CIS reversed-phase column showed a 
cluster of peaks reflecting capacity factors of 0.87 for 11, the first impurity 
to elute, 1.62 for theophylline, and 2.25 for I, the second impurity to elute. 
The peak of the major impurity, I, was almost three times as large as that 
of the minor impurity, 11, and the theophylline peak was the largest of 
the three. The parabens eluted much later than this cluster. 


Acidification of the drug sample and subsequent extraction with 
chloroform completely removed the parabens and concentrated the im- 
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Table I-Rf Values for Isolated and Synthesized Comvounds a 


Compound R f  
Theophylline 


I 
I1 


IIIb 
Methylparaben 
Propylparaben 
Ethanolamine 


0.22 
0.27 
0.17 
0.30 
0.70 
0.74 
0.ooc 


Silica gel lates and solvent system composed of equal volumes of chloroform 
and acetone. gN-(2-Hydroxyethyl)benzamide. Developed with bromcresol preen 
spray or ninhydrin spray followed by heating at 100° for 3 min. 


purities at the expense of theophylline. The completeness of this process 
was reflected in chromatograms of the extracted samples by the absence 
of peaks for parabens and the modification of peak heights in the cluster. 
Relative heights of the peaks for the impurities remained essentially 
unaltered and suggested repeated extractions of this type as a first step 
in the isolation of the impurities from the drug sample. The UV spectra 
of selected fractions eluted during HPLC showed a A,,, of 252 nm for 
I1 and a A,,, of 256 nm for I, indicating the aromatic nature of the com- 
pounds. The A,,, of theophylline in the mobile phase was 272 nm, which 
suggested that the impurities were not simple derivatives of that sub- 
stance. Methylparaben itself showed an absorption at 255 nm. 


TLC confirmed that two impurities were present in the drug sample. 
The Rf values for the smaller impurity (0.17), theophylline (0.22), and 
the larger impurity (0.27) (Table I) indicated a reverse order of migration 
for the substances on 7.5-cm silica gel TLC plates compared with that 
on CIS reversed-phase HPLC, as expected. The Rj values from 20-cm 
TLC plates were essentially the same as those from 7.5-cm plates. 


After the acidified drug solution was washed repeatedly with chloro- 
form, no theophylline could be detected by TLC. The first impurity (I) 
was isolated by ether extraction and was obtained as a white solid after 
removal of the ether solvent. Two such treatments involving chloroform 
and ether extractions of acidified drug sample gave 8.0 and 7.4 mg of this 
impurity, representing 4.8 and 4.4%, respectively, relative to the weight 
of the therapeutic component, theophylline. After recrystallization, the 
isolated impurity melted at  205.5-206.0°. 


Anal.-Calc. for C~H603: C, 60.86; H, 4.38; mol. wt. 138. Found: C, 
60.91; H, 4.27; mol. wt. 142. 


After analysis indicated that the extracted product was I, identification 
was confirmed by using an authentic sample of I in IR and NMR com- 
parisons and by mixed melting-point determination. 


Because limited sample was available and the impurities were present 
in a very dilute state, subsequent extractions leading to identification 
of 11, which was present in an even smaller amount, seemed difficult 
without a reference standard. UV analysis of the isolated HPLC eluate 
suggested that I1 could have an aromatic structure similar to that of the 
parabens. In the search for a reference standard, various xanthines and 
uric acids were examined, as were heated reaction mixtures from 
methylparaben with theophylline and with ethanolamine. The latter 
reaction provided the desired source. Initial HPLC of the crude product 
indicated that the major product of the reaction was identical with the 
minor impurity (11) in the commercial sample. TLC also supported this 
identity. 


After I was extracted from the aqueous residue, I1 was isolated by 
evaporation of the residue to dryness and preliminary extraction with 
acetonitrile to remove I1 from the insoluble ethanolamine hydrochloride. 
This procedure left 175 mg of residue which, after crystallization from 
absolute ethanol, yielded 122 mg of ethanolamine hydrochloride, mp 
83.0-83.5'. This material appeared to be a dry, not readily deliquescent 
material, whereas the literature described the substance as deliquescent 
(5) and gave two melting points, 75-77' (5) and 100' (6). Therefore, the 
recrystallized substance was identified further as ethanolamine hydro- 
chloride by comparing its IR and NMR spectra with those of synthesized 
ethanolamine hydrochloride. A mixture of known ethanolamine hydro- 
chloride and the unknown gave no depression in melting point. 


The acetonitrile extraction removed most of the amide impurity from 
the ethanolamine salt, and TLC examination of the extract by fluores- 
cence diminution showed only I1 and no I or theophylline. Moreover, only 
a small timount of ethanolamine was detectable compared with a similar 
examination of the residue before the acetonitrile treatment. The etha- 
nolamine showed little or no migration from the origin (Table I) and was 
detected as a blue spot with bromcresol green or as a red spot with nin- 
hydrin followed by heat. This low migration allowed purification of I1 
on a short silica gel column. 


The residue remaining after acetonitrile evaporation was applied to 
the column; passage of a large volume of chloroform removed traces of 
impurities from 11, which showed little migration with this eluent. When 
the solvent was changed to chloroform-acetone &I), I1 eluted immedi- 
ately; elution was complete within the next 7 ml without release of any 
ethanolamine. An additional 40 ml of the solvent failed to elute any 
ethanolamine, attesting to the effectiveness of the method. Solvent re- 
moval from the 7-ml fraction of mixed solvent left 9.33 mg of dry white 
powder, mp 154.0-156.0'. The impurity was identified as I1 by IR and 
NMR comparisons with the analytically pure, synthesized compound. 
A mixture of the known and unknown compounds gave no depression 
in melting point. 


Although I and I1 were detected initially by HPLC and TLC, these 
procedures allowed identification of the impurities by direct extraction 
from the drug sample. 


In terms of the active ingredient, -7.7 mg of I [4.6% by weight relative 
to the weight (166 mg) of theophylline expected by label declaration] and 
-1.9 mg or 1.1% of I1 were obtained by extraction of 10 ml of the drug 
sample. Heavy losses were expected from the multiple extractions used 
in purification. Refinement of the HPLC technique, which allowed 
quantitative analysis and reflected chemical changes that resulted in 
formation of the contaminant, will he described. 


The impurities in the drug sample were identified directly by extraction 
and the use of reference standards. Confirmatory identification was ob- 
tained from HPLC by spiking drug samples with the reference standards, 
resulting in enlargements of the peaks representing the impurities 
without any new peaks. 


The problems associated with the isolation and identification of I1 were 
the lack of a preparation method for it and the high solubility of such 
amides in water, a property shared by ethanolamine, a possible con- 
taminant of these amides. Ethanolamine can be removed by silica gel 
columns, onto which the ethanolamine is tenaciously adsorbed. A method 
(1) was described for the preparation of the structural analog, amide 111, 
directly from I and the amine, but a more effective approach seemed to 
be a reaction between an ester and the amine. Moreover, the reaction 
between paraben esters and ethanolamine warranted study as a source 
for generation of I1 in the drug sample. The reaction gave a product that 
was identical with one impurity in the drug sample and whose identity 
was confirmed by elemental analysis. 


Reported methods for preparation of 111 are not without discrepancies, 
but they were resolved. Prepared as already described, the compound 
was initially a water-soluble liquid, in accordance with the description 
of Wenker (l), who reported that the compound could not be obtained 
in crystalline form. However, Frankel and Cornelius (3) reported that 
the compound was a crystalline solid when prepared by the Schotten- 
Baumann reaction followed by hydrolysis of the dibenzoyl derivative of 
ethanolamine. The structure of these two products rested on the reported 
elemental analysis for nitrogen. 


In this laboratory, a reaction was attempted between I and ethanol- 
amine by gradually heating the mixture to M)oo under the conditions used 
by Wenker to prepare the liquid parent compound. The reaction gave 
phenol primarily, which resulted from the ease of decarboxylation at- 
tributed to resonance effects of the 4-hydroxy group. However, some I1 
was generated and was identical with the product obtained by reaction 
of methylparaben and ethanolamine and with the impurity contained 
in the drug sample. The reaction of Wenker was repeated and yielded a 
liquid that could not be obtained as a crystalline solid by the usual pro- 
cedures but was obtained in crystalline form by a crystal growth technique 
under dry ether or by use of a silica gel cartridge. The melting point of 
these crystals was essentially the same as that previously obtained (3), 
indicating that this amide and that of Wenker were identical. It is unlikely 
that I formed first in the drug sample and then partially reacted with 
ethanolamine to generate 11. Even when these reactants were heated 
gradually to 200', as already described, phenol was formed primarily by 
decarboxylation. 


In view of the slight differences in reports describing the synthesis of 
the parent amide, both I1 and 111 were analyzed by mass spectrometry. 
A rather general similarity of fragmentation pattern was shown by these 
substances (Table 11). The spectra for I1 and 111 showed molecular ions 
at  mlz 181 and 165, respectively, and base peaks, as expected, at mlz 121 
and 105, respectively. The odd m/z ratio of the molecular ion confirmed 
the odd number of nitrogen atoms in the compounds. Postulated struc- 
tures for some major ions are given in Table 11. 


The NMR spectrum of I1 (methanol-& solvent) showed essentially 
two doublets for the ortha and meta aromatic hydrogens centered at  6.75 
and 6.90 ppm, splitting each other with a coupling constant of J = 4.2 Hz. 
Both I and methylparaben also had very similar pairs of doublets for 
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Table IV-HPLC Analysis of Enema Solution Table 11-Postulated Structures of Some Major Ions Generated 
in Mass Spectrometric Fragmentation of RCONHCHzCHzOH 


Fragment R = HOC~HI” R = C6H5’ 
Ion mlz Intensityc mlz IntensityC 


RCONHCH&H20H+’ 181 3.28 165 2.24 


163 20.45 147 13.63 RCONHCH=CHZ’ 
(M+9 


150 5.29 134 8.96 
138 12.50 122 20.01 


RC=O+ 121 100.00 105 100.00 
R+ 93 32.19 77 66.68 


Probe heated at 125’ to volatilize sample; background subtracted. * Probe 
heated at.80° to volatilize sample; background subtracted. Ratio against base peak, 
percent. 


coupling between these two types of aromatic protons. Both 111 and I1 
showed similarly shaped multiplets for the methylene protons, 3.48-3.78 
ppm. The aromatic regions for these compounds were quite different, 
and aromatic absorptions for I11 with complicated multiplets centered 
at 7.26 and 7.82 ppm were identical with those in the spectrum of N- 
(2-hydroxyethy1)thiobenzamide previously reported (7). 


Other investigators (8) recently reported a chemically related con- 
tamination resulting from a reaction between ethylenediamine com- 
plexing agent and a suppository base. 


The high efficiency of the reversed-phase column produced a wide 
range of capacity factors, which necessitated the use of three mobile 
phases to separate the five components of the enema solution. Resolution 
to baseline was achieved for the analysis of each component. Acetic acid 
was added to the mobile phases to reduce peak tailing. 


The original conditions (10% acetonitrile, Table 111) used for detection 
of the impurities in the drug sample placed the peak for theophylline in 
a narrow region between the peaks for the impurities, leading to con- 
siderable overlap and precluding quantitative determination of the im- 
purities. Fortunately, the capacity factor of theophylline on the lipophilic 
column was much more sensitive to the polar nature of the mobile phase 
than were the impurities. In general, the capacity factors increased as the 
percentage of acetonitrile declined. However, from 10.0 to 2.8% aceto- 
nitrile, the differential capacity factor k’(1)-k’(T) for I relative to theo- 
phylline went through an inversion (Table 111) from 0.2 to -4.8, i.e., the 
separation factor [relative retention, a = k’(I)/k’(T)] became fractional. 
This general trend was reflected by collection of data with a mobile phase 
containing no acetonitrile (Table 111). The problem was resolved by re- 
moving the theophylline peak from its location between the peaks for the 
impurities, allowing quantitation of the impurities by use of 2.8% ace- 
tonitrile as the mobile phase. However, since retentions for the parabens 
were excessively long with this mobile phase, 10 and 25% acetonitrile were 
used for quantitation of methyl- and propylparabens, respectively. 


Before the use of peak heights to measure sample concentrations, it 
was determined that injection volumes were reproducible to better than 
1%. Standard calibration curves for each enema component demonstrated 
linearity of peak heights with concentrations between 50 and 150% of the 
actual component concentration in the enema sample. The mean peak 
height for at least three injections was used in all calculations. The con- 
centration of each component of the enema solution is listed in Table 
IV. 


These analytical data indicate that only 96 mg of total paraben re- 
mained from a label claim of 360 mg of total paraben/100 ml of enema 
solution. The residual parabens along with impurities accounted for 106% 
of the label claim for total parabens on a molar basis, indicating that 73.3% 
of the parabens had chemically decomposed. Thus, the fungistatic and 
bacteriostatic properties of the solution were seriously lowered. In ad- 
dition, 6% (0.26 mglml) of the label quantity of ethanolamine was con- 


Table 111-Capacity Factors in Quantitative HPLC of Enema 
Solution 


4-Hydroxy- 
Aceto- Amide Theo- benzoic 


nitrile“, Impurity phylline Acid Methyl- Propyl- 
To k‘(I1) k’(T) k’(I) paraben paraben 
0 10.4 33.0 12.1 - - 
2.8 3.4 10.0 5.2 


10.0 1.0 2.8 3.0 12.5 - 
25.0 - 


Each mobile phase contained 0.5% acetic acid. 


- - 


- - - 16.6 


Label Percent 
Claim, Found, of Label 


Component mglml mglml Claim 


Methylparaben 3.00 0.67 22.3 
Propylparaben 0.60 0.29 48.3 
Theophylline 12.61 12.96 103.0 
Ethanolamine 4.28 3.92 91.6 


-_ 1.95 - 
I T  - 0.77 - 
I 


verted to 11, decreasing the ethanolamine concentration to 23.6% of the 
labeled quantity of theophylline olamine; the official limits are 22-28% 
of label. 


By salt formation with xanthine drugs, e.g., theophylline and theo- 
bromine, amines such as ethanolamine and ethylenediamine effectively 
solubilize these drugs. However, because they are rather reactive sub- 
stances, esters such as parabens are chemically vulnerable, particularly 
toward attack by amines. These reactions of the complexing agent may 
reduce the amount of drug in solution and consume the preservative. Loss 
of preservative may result in drug biodegradation or in a health hazard 
through bacterial or fungal contamination of the dosage form; such loss 
also may create a source of chemical contamination by generation of 
foreign substances. Improper treatment, such as excessive temperatures 
and extremely high or low pH during formulation, packaging, and storage, 
may increase reaction rates and lead to such paraben reactions as acyl- 
ation and hydrolysis. Hydrolysis of methylparaben in basic and acidic 
solutions (pH 6-81 was previously studied (9). Autoclaving at  pH 9 (close 
to the measured pH of the sample used in this study) for 30 min left only 
58% of the initial methylparaben concentration. The hydrolysis rates of 
methylparaben at  70,80, and 85’ were greater when the solutions were 
basic, as were the enema solutions investigated. 


In this study, relative to theophylline, 4.6% by weight of I1 and 11.7% 
of I were found in the drug sample with a corresponding 73.3% loss of 
parabens in the solution. The corresponding amide from salicylic acid, 
N-(2-hydroxyethyl)-3-hydroxybenzamide, was described previously (lo), 
but to the knowledge of the authors, I1 is unknown and its physiological 
effects are unexplored. 


It should be noted that paraben losses may occur by direct chemical 
decomposition as well as by microbial degradation or complex formation 
with macromolecules. Despite their phenolic moiety, structures such as 
paraben esters are not resistant to all microbes and, like other phenols 
with electron-withdrawing substituents (e.g., picric acid), may give 
complex formation with macromolecules. These factors may result in loss 
of the preservative effects of parabens in drug samples. This study shows 
that the ester functional group of parabens also may give rise to loss of 
preservative action by direct chemical decomposition. Interactions similar 
to those between parabens and ethanolamine described here also should 
apply to ethylenediamine complexing agent. 
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Abstract 0 Previous reports suggested that the formation of hydro- 
chloride salts does not always enhance solubility due to the common ion 
effect. The extent of the common ion effect seems to be related to aqueous 
solubility, with slightly soluble hydrochlorides being more sensitive to 
the common ion, i e . ,  chloride ion. The relationship between solubility 
in water and the extent of the common ion effect was examined, and a 
high correlation was found, suggesting that hydrochlorides possessing 
solubilities in water at least of the order observed for papaverine and 
demeclocycline hydrochlorides (-32 mg/ml at 25' and 42 mg/ml at 37O) 
are less soluble than the corresponding free base at  gastric pH. 


Keyphrases Hydrochlorides-effect on solubility, common ion effect 
Solubility-effect of hydrochlorides, common ion effect 0 Common 


ion effect-effect of hydrochlorides on solubility 0 Physicochemis- 
try-effect of hydrochlorides on solubility, common ion effect 


Salt formation is one of the first approaches used to 
modify drug solubility and dissolution rates. Because of 
simple availability and physiology, the monohydrochloride 
salts have been the most frequent choice of the available 
salts of basic drugs (1). However, previous reports (2-5) 
showed that hydrochloride salt formation does not nec- 
essarily enhance solubility and bioavailability. This finding 
is based on the common ion effect of chloride on the solu- 
bility product equilibrium of hydrochloride salts (6), which 
often is overlooked. Hydrochloride salts of the drugs fre- 
quently exhibit less than desirable solubility in gastric fluid 
because of the abundance of chloride ion. 


BACKGROUND 


Unusual pH-solubility profiles containing maxima at  pH 2-3 were 
reported previously (2) for chlortetracycline, demeclocycline, and 
methacycline hydrochlorides in sodium acetate-hydrochloric acid buffers. 
The decrease in solubility at lower pH values was attributed to the 
common ion effect of chloride on the solubility product equilibrium of 
the hydrochloride salts. The apparent dissolution rates and solubilities 
of these hydrochloride salts were less than those of the respective free 
base forms in chloride-containing media. Evidence was presented for 
greater bioavailability from the chlortetracycline and methacycline free 
bases compared to the hydrochloride salts (3). The common ion effect 
also influenced the solubilities and dissolution rates of the hydrochloride 
salts of papaverine, trihexyphenidyl, isoxsuprine, phenazopyridine, 
cyproheptadine, and bromhexine (4,5). 


On the other hand, tetracycline hydrochloride solubility, which in- 
creased with a pH decrease, showed a usual pH profile in chloride-con- 
taining buffers (2). Tetracycline hydrochloride exhibited a greater sol- 
ubility than its free base in hydrochloric acid a t  pH 1.2 since the hydro- 
chloride exhibited a low sensitivity to the chloride ion. The differences 
between tetracycline and the other drugs in sensitivity to the chloride 
ion may result because the aqueous solubility of tetracycline hydro- 
chloride is much higher than that of the others. 


The addition of a common ion often reduces the solubility of a slightly 
soluble electrolyte. Although the concept of solubility product equilib- 
rium originated in inorganic chemistry, this principle can be applied to 
slightly soluble organic salts (7). The drugs under study are basic amino 
compounds and form slightly or sparingly soluble hydrochloride salts. 
Since the salt in solution is partially dissociated, further solubility sup- 
pression may be caused by the common ion effect. The equilibrium in- 
volved is shown in Scheme I. 


From previous results, it seems that the extent of the common ion effect 


is related to aqueous solubility, with slightly soluble salts being more 
sensitive to  the chloride ion. In this study, an attempt was made to de- 
termine the relationship of solubilities in water and their sensitivities 
to the chloride ion of nine hydrochloride sslts that showed unusual so- 
lution properties. The salting-out constant with sodium chloride, based 
on the Setschenow equation (8), was taken as the parameter of the extent 
of the common ion effect, ix., sensitivity to chloride ion. The Setsche- 
now equation was found to be applicable to an amine hydrochloride (9). 


EXPERIMENTAL 


The drugs studied are listed in Table I. Solubility measurements in 
distilled water were made at  25 and 37'. An excess of the drugs was placed 
into each vial containing the solvent, and the vials were equilibrated by 
shaking overnight. Equilibrated mixtures were filtered', and the filtrates 
were assayed spectrophotometrically. 


The solubility of each drug in sodium chloride solutions also was de- 
termined as already described. Experimental salting-out constants were 
calculated according to the Setschenow equation (8): 


log So/S = kC (Eq. 1) 


where S and SO are the solubilities in the salt solution and in pure water, 
respectively; C is the molar concentration of the electrolyte; and k is the 
empirical salting-out constant. 


RESULTS 


Table I summarizes the solubility data obtained for each hydrochloride 
salt and their experimentally determined salting-out constants with so- 
dium chloride at  25 and 37'; the solution pH is also given. Setschenow 
plots for these drugs in sodium chloride at 25' are shown in Fig. 1. There 
appears to be a distinct relationship between the solubility in water and 
the salting-out constant with sodium chloride; as the solubility in water 
increased, the salting-out constant decreased. Thus, phenazopyridine, 
cyproheptadine, and bromhexine hydrochlorides, which had the smallest 
solubilities, were sensitive to the chloride ion to the greatest extent. The 
most soluble drugs, papaverine and demeclocycline hydrochlorides, were 
the least sensitive to the chloride ion. 


Figure 2 shows the salting-out constant with sodium chloride as a 
function of solubility in water at 25 and 37O. A least-squares line was fitted 
to all points in each log-log plot. A high correlation coefficient ( r )  was 
obtained at  both 25 ( r  = 0.902) and 37O (r = 0.946), indicating that the 
smaller the solubility in water, the larger the salting-out constant. 


Furthermore, the data are interesting with regard to their general 
applicability to other slightly soluble organic hydrochlorides. For all drugs 
listed in Table I, much greater solubility and dissolution rates were ob- 
tained by the free bases than by hydrochloride salts in hydrochloric acid 
solution at pH 1.2. Perhaps this phenomenon applies to hydrochloride 
salts having water solubilities less than -32 mg/ml at  25' and 42 mg/ml 
at  37', which are the solubilities of papaverine and demeclocycline hy- 
drochlorides. 


DISCUSSION 


Comparison of the solubilities in water to the salting-out constant re- 
vealed an inverse relationship between these quantities. Although it 
would be desirable to develop this relationship further, a general state- 
ment concerning hydrochloride salt formation within the solubility range 
found in this study may be possible: hydrochloride salts having solubil- 
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Table I-Solubility in Water and Salting-Out Constant with 
Sodium Chloride at 25 and 37" a 


Salting- 


(Molecular Temper- Solubilityb, Constant, 
Hydrochloride o u t  


Weight) ature mdml  R H ~  k d  


Phenazo- 25' 2.81 (4,0.03) 3.35 18.06 
pyridine 37' 4.03 (6,0.06) 3.28 11.57 
(249.7) 


Cyprohep- 25' 2.98 (3,0.02) 5.74 21.18 
tadine' 37' 4.56 (3,0.05) 5.29 14.80 
(350.9) 


Brornhexine 25' 3.85 (5,0.05) 4.00 20.00 
(412.6) 37' 4.85 (9,0.03) 3.83 16.78 


Trihexy- 25' 5.17 (5.04, 5.29) 5.51 8.24 
phenidyl 37' 11.34 (7,0.37) 5.23 5.66 
1337.9) ~ - -  ..-, 


Isoxsuprine 25" 8.86 (8.84,8.88) 5.45 6.32 
(337.9) 37' 11.60 (5,0.85) 5.10 6.30 


Chlortetra- 25" 10.72 (10.67.10.77) 2.39 9.60 
cycline 37' 11.74 (7,0.34) 2.28 6.52 
(515.4) 


Methacycline 25' 16.89 (3,0.04) 2.26 8.24 
(478.9) 37" 19.49 (3,0.89) 1.94 6.36 


Papaverine 25' 31.78 (4.0.29) 2.90 5.09 
(375.8) 37' 41.74 (41.73,41.75) 3.13 3.60 


Demeclo- 25' 32.55 (32.06, 33.04) 2.11 3.73 
cycline f 37' 41.49 (40.64,42.34) 1.86 2.68 
(519.4) 


As reported in Refs. 2,4, and 5. * The averaged result is reported where there 
were more than two determinations, followed by parentheses containing the number 
of determinations and the standard error. For two determinations, the average is 
followed by parentheses containing the individual values. All data are expressed 
as the free base equivalent. The pH of a saturated solution. Estimated from the 
initial slope. Contained 3/2 mole of water. f Monohydrate. 


ities in water at  least of the order observed for papaverine and demeclo- 
cycline hydrochlorides are less soluble than the corresponding free base 
a t  gastric pH. This finding may be useful in predicting the most soluble 
form of similar drugs from known or readily determined water solubility 
values. 


Lin et al. (9) illustrated a similar phenomenon that decreases the 
dissolution rate of the salt below that of its free base form. The free base 
of an experimental antihypertensive exhibited a greater dissolution rate 
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SODIUM CHLORIDE, M X 10' 


Figure 1-Setschenow plots for hydrochloride salts in sodium chloride 
solutions at 25'. Key: 0, phenazopyridine; 0,  cyproheptadine; 0,  
bromhexine; A, trihexyphenidyl; A, isoxsuprine; A, chlortetracycline; 
D, methacycline; ., papaverine; and [I, demeclocycline. 
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Figure %-Relationship between solubility in water and salting-out 
constant at 25 (left) and 37' (right). Key: see Fig. 1 .  


than the monohydrochloride salt in 0.1 N HCl, and this finding was at- 
tributed to the common ion effect. The equilibrium solubility of the 
monohydrochloride a t  37' was 16 mg/ml in water. 


Because of the high aqueous solubility (133.7 and 164.4 mg/ml at  25 
and 37', respectively) and low sensitivity of tetracycline hydrochloride 
to the chloride ion ( k  = 0.94 and 0.85, respectively), this antibiotic showed 
unusual solubility characteristics (2). The freely soluble hydrochlorides 
normally exhibit no serious problem. 


Although doxycycline hydrochloride solubility in water a t  25' is 50 
mg/ml (lo), the free base dissolved from the compressed pellet form about 
sixfold faster than the hydrochloride in 0.1 N HCl (11). Common ion 
equilibrium with chloride strongly reduces the dissolution rate of doxy- 
cycline hydrochloride from the pellet, while the free base is not affected. 
Dissolution of hydrochloride salts from crystalline powder in chloride- 
containing media probably represents a problem only with slightly or 
sparingly soluble hydrochlorides, but dissolution certainly may be a 
problem with the tablet dosage form when the hydrochloride is sol- 
uble. 


The solubility of solids is a very useful parameter since an orally ad- 
ministered drug in solid dosage form must dissolve in the GI tract prior 
to absorption. The GI absorption of chlortetracycline and its hydro- 
chloride was studied in rats and humans (31, and the results indicated 
that the free base was more efficiently absorbed than the hydrochloride 
from the GI tract. Similar results also were noted for methacycline and 
its hydrochloride. The differences between the bioavailability of the free 
base and the hydrochloride were attributed mainly to  differences in 
solubility at  gastric pH. 


Since the absorption of basic drugs occurs chiefly from the intestine, 
these drugs should reach the intestine in a dissolved or readily soluble 
form. The solubility of the drugs in the stomach is of decisive importance 
for absorption since basic drugs have very low solubility in the alkaline 
environment of the intestine. Drug particles that  do not dissolve in the 
stomach are emptied into the intestine and generally will be unab- 
sorbed. 


The pH of the gastric fluid usually ranges from 1 to 3; fasting tends to 
decrease the pH to 1.2-1.8 (12). In addition, the chloride ion is present 
in body fluids at  a high level, which also is unfavorable for dissolution of 
the hydrochloride due to the common ion suppression of the solubility 
product equilibrium. These factors create conditions less favorable for 
hydrochloride dissolution in gastric fluid, thus affecting bioavailability. 
In such cases, selection of an alternative salt form or free base may im- 
prove dissolution and bioavailability. 


Special precautions should be taken when drugs are used as hydro- 
chloride salts in pharmaceutical formulation. Consequently, extensive 
and systematic preformulation studies of the physicochemical properties, 
including salt formation, of each new drug entity are necessary to de- 
termine the most suitable form for drug formulation by the pharma- 
ceutical industry. 
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Abstract 0 The urinary excretion of both methenamine and formal- 
dehyde was measured for 48 hr after the oral administration of 10 dif- 
ferent methenamine products to 10 human subjects in a crossover study. 
The following dosage forms were evaluated a tablet of methenamine base, 
a methenamine hippurate tablet, and eight products containing meth- 
enamine mandelate, including six enteric-coated tablets, a suspension, 
and a granule dosage form. The nonenteric-coated dosage forms were 
absorbed more rapidly, based on maximum excretion rates that occurred 
within 3 hr after dosing. The enteric-coated tablets, which were designed 
not to release methenamine until reaching the intestinal tract, exhibited 
maximum excretion rates that did not occur until 7-17 hr after dosing. 
There were no significant differences (p > 0.05) among products in terms 
of total excretion of free formaldehyde in the urine. However, large dif- 
ferences (p < 0.05) were noted among products for urinary recovery of 
total methenamine, with the amount of administered dose recovered 
ranging from 16 to 83%. 


Keyphrases 0 Methenamine-evaluation of 10 products, urinary ex- 
cretion of formaldehyde Bioavailability-methenamine in 10 products, 
humans Urinary tract antibacterials-evaluation of 10 methenamine 
products, excretion of formaldehyde Antibacterials, urinary tract- 
evaluation of 10 methenamine products, excretion of formaldehyde 


Methenamine (hexamethylenetetramine) is a urinary 
tract antibacterial agent. It is absorbed from the intestinal 
tract, circulates unchanged in blood, and is excreted in the 
urine. Under acidic conditions in the urine, it  undergoes 
hydrolysis to formaldehyde. Approximately 10-30% of the 
drug also is believed to be converted to formaldehyde in 
the acidic environment of the stomach (1). Enteric-coated 
preparations are designed to withstand such premature 
hydrolysis by releasing drug only in the intestine. With 
such dosage forms, drug absorption may be delayed due 
to slow gastric emptying or may be incomplete due to 
failure of the product to release methenamine in the in- 
testine. 


A crossover study was undertaken to evaluate the rela- 
tive bioavailability of 10 methenamine products. The 
urinary excretion of both methenamine and formaldehyde 
was determined in 10 human volunteers who received all 
10 dosage forms. 


EXPERIMENTAL 


Methenamine Products-The 10 methenamine products evaluated 
are summarized in Table I. Products 1-3 were included as reference 
products for comparison with the hippurate tablet and the six enteric- 


Table I-Methenamine Products Tested 
~ 


Admin- Calculated 
istered Methenamine 
Dose Content, g Product” Dosage Form 


Methenamine tablets (0.5 g) 
Methenamine mandelate 


suspension (50 m /ml) 
Methenamine mancfelate 


granules (0.5 g/package) 
Methenamine mandelate 


tablets (0.5 g) 
Methenamine mandelate 


tablets (0.5 g) 
Methenamine mandelate 


tablets (0.5 g) 
Methenamine mandelate 


tablets (0.5 g) 
Methenamine mandelate 


tablets (0.5 g) 
Methenamine mandelate 


1 tablet 
20 ml 


2 packages 


2 tablets 


2 tablets 


2 tablets 


2 tablets 


2 tablets 


2 tablets 


0.500 
0.480 


0.480 


0.480 


0.480 


0.480 


0.480 


0.480 


0.480 
tablets (0.5 g) * 
tablets (1.0 g) 


10 Methenamine hippurate 1 tablet 0.439 


a Manufacturer (lot number): 1, Eli Lilly (9SW09A); 2, WarnedChilcott 
(8425105A); 3, Warner/Chilcott (9607055-B); 4, Warner/Chilcott (6479016A); 5, 
J.W.S. Delavau Co. (unknown); 6, Tablieaps (31931); 7, Standard Pharmacal 
(41870); 8, Vangard Laboratories (420924); 9, Heather Drug Co. (510059); and 10, 
Riker Laboratories (57729). Enteric coated. 


coated tablets. All products were supplied by the U.S. Food and Drug 
Administration, except Products 1 and 2, which were purchased from a 
local pharmacy. 


Study Protocol-Ten male volunteers’, average age 26 years (range 
of 23-30 years), average weight 81 kg (range of 63.5-95.3 kg), and average 
height 179.9 cm (range of 170.1-190.5 cm) underwent a hematological 
and blood chemistry2 analysis and a urinalysis to ensure inclusion of only 
healthy subjects. One subject was dropped after the 3rd week because 
of illness that was not related to the study. He was replaced by Subject 
6, who received all 10 products in the order originally assigned to the 
dropped subject. 


Each subject received one methenamine product a t  intervals of at least 
1 week, except for Subject 6 who received doses a t  4-day intervals to 
permit completion of the study at  the same time as the other nine 
subjects. The administration sequence was based on a crossover matrix 
designed to minimize any residual or cumulative effects of the preceding 
dose (2). 


Each methenamine product was given along with 200 ml of water after 
an overnight fast. Subsequent water intake was unrestricted but was 
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Methenamine (hexamethylenetetramine) is a urinary 
tract antibacterial agent. It is absorbed from the intestinal 
tract, circulates unchanged in blood, and is excreted in the 
urine. Under acidic conditions in the urine, it  undergoes 
hydrolysis to formaldehyde. Approximately 10-30% of the 
drug also is believed to be converted to formaldehyde in 
the acidic environment of the stomach (1). Enteric-coated 
preparations are designed to withstand such premature 
hydrolysis by releasing drug only in the intestine. With 
such dosage forms, drug absorption may be delayed due 
to slow gastric emptying or may be incomplete due to 
failure of the product to release methenamine in the in- 
testine. 


A crossover study was undertaken to evaluate the rela- 
tive bioavailability of 10 methenamine products. The 
urinary excretion of both methenamine and formaldehyde 
was determined in 10 human volunteers who received all 
10 dosage forms. 
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are summarized in Table I. Products 1-3 were included as reference 
products for comparison with the hippurate tablet and the six enteric- 
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2 tablets 


2 tablets 


2 tablets 
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0.480 


0.480 


0.480 


0.480 
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coated tablets. All products were supplied by the U.S. Food and Drug 
Administration, except Products 1 and 2, which were purchased from a 
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of illness that was not related to the study. He was replaced by Subject 
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Table 11-Mean Free Formaldehyde Urine Concentration a (Micrograms per Milliliter) at Various Sampling Times 


Urine Collection Time, hr 
Product 1 2 4 6 8 12 24 36 48 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


35.0 
(112) 
25.6 
(110) 
11.6 
(112) 
9.55 
(114) 
1.80 
(115) 
16.0 
(67.3) 
3.06 
(138) 
13.8 
(76.6) 
16.4 
(94.6) 
23.7 
(136) 


32.7 39.5 
(83.4) (75.1) 
34.4 34.5 
(106) (109) 
23.3 25.3 
(104) (107) 
23.9 37.4 
(103) (99.4) 
10.3 10.7 


40.6 44.3 


19.5 19.9 
(112) (111) 
38.5 38.9 
(112) (90.6) 
40.4 23.2 
(145) (71.4) 
16.6 36.7 
(150) (126) 


(228) (140) 


(78.7) (124) 


39.7 
(82.6) 
39.7 
(99.9) 
55.8 
(163) 
28.6 
(59.8) 
42.7 
(180) 
42.4 
(109) 
34.2 
(93.4) 
27.3 
(64.2) 
29.1 
(116) 
44.2 
(77.9) 


23.4 9.96 
(72.2) (54.7) 
25.8 9.40 
(140) (112) 
21.7 28.5 
(72.7) (273) 
37.3 6.29 
(44.5) (103) 
18.5 28.5 
(199) (160) 
32.9 10.6 
(73.1) (72.6) 
26.8 21.8 


42.4 16.3 
(85.2) (59.9) 
36.9 6.59 
(78.4) (121) 
12.2 8.67 
(92.9) (94.3) 


(112) (204) 


9.84 
(116) 
3.18 
(140) 
4.54 
(116) 
4.97 
(117) 
11.5 
(118) 
8.16 
(47.9) 
7.10 
(110) 
5.92 
(137) 
6.40 
(96.5) 
7.37 
(62.3) 


a Mean values of 10 subjects with percent relative standard deviation in parentheses. See Table I for product number identification. 


maintained at a sufficient level to provide for adequate urine output. No 
food was permitted until 4 hr after drug administration. 


Urine samples were obtained at 0, 1,2,3,4,6,8,12,24, and 48 hr. The 
subjects were instructed to provide complete urine collections at  each 
voiding. Immediately upon voiding, the urine volume and pH3 were 
measured. A urine aliquot was diluted 15 times with water and stored at  
-18' until analysis, which was performed within 7 days. Samples voided 
at other times were collected similarly and stored. At  the time of analysis, 
samples voided between sampling times were combined with the sample 
obtained at the next required sampling time. The samples were pooled 
using aliquot volumes proportional to the individual volumes of voided 
urine. 


Urine Analysis-Urine formaldehyde and methenamine concen- 
trations were determined in duplicate using a spectrophotometric method 
(3). 


Statistical Analysis-Urine free formaldehyde concentrations, as 
well as free formaldehyde and total methenamine excretion rates and the 
cumulative amount and percent excreted, were subjected to an analysis 
of variance to determine the level of significance for differences among 
products, subjects, and weeks. The data were analyzed using a logarithmic 
transformation because of significant nonadditivity in the untransformed 
data. Where significant differences were found (p < 0.05), the New- 
man-Keuls a posteriori test was applied to identify where these differ- 
ences occurred. 


RESULTS AND DISCUSSION 


Free Formaldehyde Concentrations-The mean urine free form- 
aldehyde concentrations at each sampling are presented in Table 11. The 
maximum mean formaldehyde concentrations ranged from 34.2 (Product 
7) to 55.8 (Product 3) pg/ml at  12 hr. Although this difference was not 
significant (p > 0.05), significant differences ( p  < 0.05) were evident a t  
1, 2, 4, and 24 hr. The Newman-Keuls a posteriori test indicated the 
enteric-coated formulations (Products 4-9) generally resulted in lower 
formaldehyde concentrations than the other products during the first 
4 hr. This finding is consistent with the fact that an enteric-coated dosage 
form must reach the intestinal tract before drug can be released. Maxi- 
mum mean free formaldehyde concentrations were attained between 6 
and 12 hr with all products, except Product 8, which had a maximum 
mean concentration at 24 hr. 


The minimum inhibitory concentration for formaldehyde in urine was 
reported to range from 13 (4) to 18 gglml(5). Mean free formaldehyde 
levels in this range were attained within 1-2 hr from the nonenteric- 
coated Products 1-3 and 10; the enteric-coated products required 4-12 
hr to provide free formaldehyde concentrations in this range. 


The therapeutic efficacy of a methenamine product is thought to be 
related to the formaldehyde concentration in the urine. Formaldehyde 
formation is governed mainly by the rate and extent of intestinal ab- 
sorption and renal excretion of methenamine and by the volume and pH 


Hydrion test paper, pH range 5.5-8.0, Micro-Essential Laboratory, Brooklyn, 
N.Y. 


of the urine. The mean free formaldehyde concentrations exhibited high 
relative standard deviations, partially because fluid intake and urine pH 
were not controlled in these subjects. In general, the urine pH ranged from 
5.5 to 6.8, and the fluctuations within and among individuals obscured 
any correlations between urine pH and the formaldehyde concentrations 
obtained with the different products. 


The mean cumulative 48-hr excretion of formaldehyde from each 
dosage form, expressed as methenamine equivalents, ranged from 26.8 
(Product 10) to 37.7 (Product 6) mg. This 29% difference among products 
was not significant (p > 0.05). Since the total amount of methenamine 
administered was not identical in all 10 products, the cumulative amount 
of formaldehyde excreted a t  each sampling also was calculated as a per- 
cent of the total methenamine dose. The cumulative percent of formal- 
dehyde excreted at  48 hr (Fig. 1) ranged from 5.5 (Product 2) to 8.7% 
(Product 8), but this 37% difference among products also was not sig- 
nificant ( p  > 0.05). 


Cumulative Excretion of Total Methenamine-Although the 
measurement of free formaldehyde provided useful information, the large 
variations in these levels precluded a meaningful evaluation of dosage 
form bioavailability. Thus, the excretion of total methenamine equiva- 


10 20 30 40 50 


HOURS 
Figure 1-Cumulative excretion of free formaldehyde, calculated as 
methenamine and expressed as a percent of the total methewmine dose. 
Each data point represents the mean of 10 subjects. Key: 0, Product 
I; m, Product 2; 0, Product 3; A, Product 4; A, Product 5; 0 ,  Product 
6; *, Product 7; Sr, Product 8; +, Product 9; and 0, Product 10. 
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Table 111-Product Ranking for Total Methenamine Excreted a 


Parameter Product Ranking (Lowest to Highest) * 
Cumulative percent of total methenamine excreted at: 


1 hr 7 5 4 8 6 9 2 10 1 3  
2 hr 5 4 6 8 9  z 3 10 1 
4 hr 5 - - - - - 7 ~ ~ ~ 5 ? ~  
6 hr - 5 7 a s s s n 3  1 10 - 
8 h r  5 1 4  8 6 9 2 3 10 1 


12 hr 5 7 4 8 6 9 3 2 1 1 0  
~ 


24 hr 5 7 4 8  6 3 2 9  1 10 


48 hr 5 7 4 8 3 6 2 9 10 1 
Maximum excretion rate, mg/hr 5 1 4  8 6 9 2 3 10 1 
Maximum excretion rate, % dosehr 5 1 4  8 6 9 2 3 1 1 0  
Time of maximum excretion rate, hr 1 3 1 0  2 9 8 6  4 7 5 


man-Keuls a posteriori test. Products underlined by a common line did not differ significantly ( p  > 0.05). See Table I for product number identification. 


Table IV-Mean a Maximum Excretion Rates and Time of Maximum Excretion Rate for Total Methenamine 


36 hr 5 7 4 8 3 6 2 9  10 1 


All data were subjected to a In (X + 0.1) transformation because of a significant nonadditivity in the untransformed data. Products ranked on the basis of the New- 


Maximum Rate of Total Maximum Rate of Total Time of Maximum Rate of Total 
Product Methenamine, mg/hr Methenamine, % of dose/hr Methenamine, hr 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 


57.6 (18.8) 
43.7 (22.3) 
43.4 (30.5) 
28.9 (35.7) 


32.6 (31.2) 
13.4 (20.8) 
31.1 (29.0) 
37.8 (15.7) 
51.3 113.8) 


4.78 (151.1) 


11.5 (18.8) 
9.12 (22.3) 
9.89 (30.5) 
6.05 (35.7) 
1.00 (150.9) 
6.81 (31.2) 
2.81 (20.7) 
6.50 (29.0) 
7.89 (15.7) 


11.7 (13.7) 


1.59 (32.0) 
2.90 (62.1) 
1.90 (46.1) 
8.00 (20.8) 


7.40 (25.6) 


7.22 (26.6) 
6.81 (15.1) 
2.30 (41.3) 


17.1 (72.6) 


12.6 (50.5) 


~~~~~~ ~ ~ 


a Mean values of 10 subjects with percent relative standard deviation in parentheses. See Table I for product numher identification. 


lents also was determined. The sum of the amount of methenamine ex- 
creted as free formaldehyde and as free methenamine was expressed as 
milligrams of total methenamine. Statistical analysis of the mean cu- 
mulative amounts of total methenamine excreted at various sampling 
times showed highly significant differences (p < 0.001) among products 
at all sampling times. 


One hour after administration of Products 1,3,  and 10, the mean cu- 
mulative amount of total methenamine excreted was 42.2,39.8, and 31.1 
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Figure 2-Cumulative excretion of total methenamine, expressed as 
a percent of the administered dose. Each data point represents the mean 
of 10 subjects. Key: 0, Product 1; B, Product 2; 0, Product 3; A, Product 
4; A, Product 5; 0 ,  Product 6; *,Product 7; *,Product 8; +,Product 
9; and 0, Product 10. 


mg, respectively. These recoveries were significantly higher than those 
for the other products. The 17.4 mg excreted at  1 hr with Product 2 was 
significantly higher than the amount for the enteric-coated tablets. The 
lowest levels a t  1 hr were found with Product 5 (0.1 mg). At 2 and 4 hr, 
the excretion of total methenamine was significantly higher ( p  < 0.05) 
for the nonenteric-coated products than for the other dosage forms. 
Among the enteric-coated preparations, Products 5 and 7 gave the lowest 
total methenamine recoveries. At  subsequent collections, Product 5 re- 
sulted in cumulative total methenamine levels that were significantly 
lower than those for all other products. Product 7 gave significantly higher 
cumulative total methenamine levels than Product 5 at  4,6,8, and 12 hr, 
but the levels with this product were lower than those attained with any 
other product. 


The mean cumulative excretion of total methenamine, expressed as 
percent of administered dose at  various collection times, is illustrated 
in Fig. 2. The results of the statistical evaluation are summarized in Table 
111. The percent of total methenamine excreted at 1 hr ranged from 0.03% 
for Products 5 and 7 to 8.4% for Product 1. A t  this sampling time, Prod- 
ucts 1,3,  and 10 gave significantly higher total methenamine recoveries 
than did the other products. The 2-hr total methenamine values ranged 
from 0.06% for Product 7 to 18.6% for Product 1, with the values for 
Products 1,3,  and 10 being significantly higher than those for the other 
products. 


The lowest cumulative total methenamine percentages at  subsequent 
sampling times were with Product 5. Although the total methenamine 
excretion after Product 7 was significantly higher than after Product 5, 
it was lower than the values obtained with the other products at 4,6,8,  
12, and 24 hr. The lowest cumulative percentage of total methenamine 
excreted at 48 hr was with Products 5 (16.2%) and 7 (44.2%). The total 
recoveries of all other products exceeded 60% at  48 hr. 


Excretion Rate  of Total Methenamine-The mean maximum ex- 
cretion rates and times of the maximum excretion rate for total meth- 
enamine are summarized in Table IV. Statistically significant differences 
are indicated in Table 111. The maximum excretion rate of total meth- 
enamine ranged from 4.8 mg/hr with Product 5 to 57.6 mg/hr with 
Product 1. The rates observed with Product 1 were significantly higher 
than those found with Products 4,5,  and 7. Product 5 exhibited signifi- 
cantly lower excretion rates compared to all others. The maximum ex- 
cretion rate for Product 7 was higher than for Product 5 but was signifi- 
cantly lower than the rates for all other products. 
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In terms of percent of administered dose, the maximum excretion rate 
was highest for Product 10 (11.7%/hr) and lowest for Product 5 (l.O%/hr). 
The latter value was significantly lower than that observed after Product 
7 (2.8%/hr). The times of the maximum excretion rate (TmaX) were 1.6, 
1.9,2.3, and 2.9 hr for the nonenteric-coated Products 1,3,10, and 2, re- 
spectively. These times were significantly lower than those found for the 
other products. Products 5 and 7 yielded significantly longer T,, values 
of 17.1 and 12.6 hr, respectively. 


Subject and Week Effects-Each urinary excretion parameter also 
was statistically analyzed to determine the significance of differences 
observed among subjects and administration sequences (weeks). Since 
Subject 6 began the study several weeks after the other nine subjects and 
took the medication at 4-day intervals, the analysis of weekly differences 
actually related to differences that could have arisen because a dose was 
the first, second, third, etc . ,  dose administered. 


Since there were no significant weekly differences, it may be concluded 
that the bioavailability of a particular dose of methenamine was not in- 
fluenced by the previous administration of other dosage forms of the drug. 
Results of the analysis of the blank (zero time) urine samples also were 
monitored each week to determine if they showed any progressive in- 
crease, which would have occurred if the drug had been accumulating. 
No such trend was found in the.blank readings. Furthermore, the sta- 
tistical analysis did not indicate any significant differences among 
subjects in the excretion of either free formaldehyde or total methena- 
mine. 


CONCLUSIONS 


Methenamine compressed tablets, methenamine mandelate granules, 
and methenamine hippurate tablets showed the highest methenamine 
urinary recovery and were considered bioequivalent. The suspension 


dosage form exhibited adequate bioavailability but was less well absorbed 
than the other dosage forms. In general, the enteric-coated products 
exhibited delayed urinary excretion of methenamine, but Products 4,6, 
8, and 9 did not differ significantly from the nonenteric-coated products 
in most measurements. Two enteric-coated products (Products 5 and 7) 
were significantly less bioavailable than all other products tested. None 
of the 10 products differed significantly ( p  > 0.05) in urinary formalde- 
hyde concentrations. However, the large intersubject variability pre- 
cluded an accurate assessment of dosage form bioavailability using only 
free formaldehyde determinations. 
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Abstract Magnesium aluminum hydroxide suspension (an antacid) 
was given concurrently with either theophylline anhydrous tablets or 
theophylline anhydrous timed-release capsules to 13 volunteers using 
a four-way crossover design. Serum theophylline was measured by re- 
versed-phase high-pressure liquid chromatography. The serum level-time 
curves were individually fitted to an oral absorption one-compartment 
open model. The pharmacokinetic parameters (mean f SD) K A ,  K ,  AUC, 
and F/V for theophylline from the rapid release theophylline anhydrous 
tablets were 2.1 f 1.3 hr-', 0.15 f 0.06 hr-l, 89.2 f 30 pg hr/ml, and 
0.0023 f 0.002 kg/ml, respectively; from the anhydrous timed-release 
capsules, they were 0.27 f 0.08 hr-l, 0.20 f 0.07 hr-l, 79.0 f 27 jtg hr/ml, 
and 0.0030 f 0.0007 kg/ml, respectively. The concurrent administration 
of 15 ml of antacid (magnesium aluminum hydroxide suspension) with 
the theophylline products did not significantly affect any of these 
pharmacokinetic parameters. The extent of theophylline bioavailability 
from all drug products was consistent and similar as shown by the F/V 
and AUC values. 


Keyphrases Theophylline-effect of antacid on bioavailability, tablets 
and timed-release capsules Antacids-effects on theophylline bio- 
availability, tablets and timed-release capsules 0 Pharmacokinetics- 
effect of antacid on theophylline, tablets and timed-release capsules 0 
Dosage forms-tablets and timed-release capsules, effect of antacid on 
theophylline bioavailability 


Theophylline is used extensively in the treatment of 
various respiratory diseases (1-4). When taken in the 


recommended dosage, i t  relieves or prevents symptoms 
associated with asthma, bronchitis, and emphysema. The 
amount of relief produced is directly related to the serum 
drug concentration. Side effects (nausea, vomiting, 
headache, and restlessness) are usually associated with 
high blood theophylline levels (>20 pg/ml), although some 
individuals may experience side effects at lower levels 
(1-4). 


Magnesium aluminum hydroxide suspension is a com- 
monly used antacid for the symptomatic relief of hyper- 
acidity, gastritis, and heartburn. However, antacids affect 
the bioavailability of various drugs (5-8). The object of this 
investigation was to determine the effect of concurrent 
antacid therapy on the rate and extent of theophylline 
absorption from theophylline anhydrous tablets and 
theophylline anhydrous timed-release capsules. 


EXPERIMENTAL 


Reagents and Chemicals-All reagents and chemicals including 
theophylline anhydrous', sodium acetate', 7-@-hydroxypropyl)theo- 
phylline', P-hydroxyethyltheophylline', 8-chlorotheophylline', theo- 


1 Sigma Chemical Co., St. Louis, Mo. 
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In terms of percent of administered dose, the maximum excretion rate 
was highest for Product 10 (11.7%/hr) and lowest for Product 5 (l.O%/hr). 
The latter value was significantly lower than that observed after Product 
7 (2.8%/hr). The times of the maximum excretion rate (TmaX) were 1.6, 
1.9,2.3, and 2.9 hr for the nonenteric-coated Products 1,3,10, and 2, re- 
spectively. These times were significantly lower than those found for the 
other products. Products 5 and 7 yielded significantly longer T,, values 
of 17.1 and 12.6 hr, respectively. 


Subject and Week Effects-Each urinary excretion parameter also 
was statistically analyzed to determine the significance of differences 
observed among subjects and administration sequences (weeks). Since 
Subject 6 began the study several weeks after the other nine subjects and 
took the medication at 4-day intervals, the analysis of weekly differences 
actually related to differences that could have arisen because a dose was 
the first, second, third, etc . ,  dose administered. 


Since there were no significant weekly differences, it may be concluded 
that the bioavailability of a particular dose of methenamine was not in- 
fluenced by the previous administration of other dosage forms of the drug. 
Results of the analysis of the blank (zero time) urine samples also were 
monitored each week to determine if they showed any progressive in- 
crease, which would have occurred if the drug had been accumulating. 
No such trend was found in the.blank readings. Furthermore, the sta- 
tistical analysis did not indicate any significant differences among 
subjects in the excretion of either free formaldehyde or total methena- 
mine. 


CONCLUSIONS 


Methenamine compressed tablets, methenamine mandelate granules, 
and methenamine hippurate tablets showed the highest methenamine 
urinary recovery and were considered bioequivalent. The suspension 


dosage form exhibited adequate bioavailability but was less well absorbed 
than the other dosage forms. In general, the enteric-coated products 
exhibited delayed urinary excretion of methenamine, but Products 4,6, 
8, and 9 did not differ significantly from the nonenteric-coated products 
in most measurements. Two enteric-coated products (Products 5 and 7) 
were significantly less bioavailable than all other products tested. None 
of the 10 products differed significantly ( p  > 0.05) in urinary formalde- 
hyde concentrations. However, the large intersubject variability pre- 
cluded an accurate assessment of dosage form bioavailability using only 
free formaldehyde determinations. 
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Abstract Magnesium aluminum hydroxide suspension (an antacid) 
was given concurrently with either theophylline anhydrous tablets or 
theophylline anhydrous timed-release capsules to 13 volunteers using 
a four-way crossover design. Serum theophylline was measured by re- 
versed-phase high-pressure liquid chromatography. The serum level-time 
curves were individually fitted to an oral absorption one-compartment 
open model. The pharmacokinetic parameters (mean f SD) K A ,  K ,  AUC, 
and F/V for theophylline from the rapid release theophylline anhydrous 
tablets were 2.1 f 1.3 hr-', 0.15 f 0.06 hr-l, 89.2 f 30 pg hr/ml, and 
0.0023 f 0.002 kg/ml, respectively; from the anhydrous timed-release 
capsules, they were 0.27 f 0.08 hr-l, 0.20 f 0.07 hr-l, 79.0 f 27 jtg hr/ml, 
and 0.0030 f 0.0007 kg/ml, respectively. The concurrent administration 
of 15 ml of antacid (magnesium aluminum hydroxide suspension) with 
the theophylline products did not significantly affect any of these 
pharmacokinetic parameters. The extent of theophylline bioavailability 
from all drug products was consistent and similar as shown by the F/V 
and AUC values. 
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availability, tablets and timed-release capsules 0 Pharmacokinetics- 
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Dosage forms-tablets and timed-release capsules, effect of antacid on 
theophylline bioavailability 


Theophylline is used extensively in the treatment of 
various respiratory diseases (1-4). When taken in the 


recommended dosage, i t  relieves or prevents symptoms 
associated with asthma, bronchitis, and emphysema. The 
amount of relief produced is directly related to the serum 
drug concentration. Side effects (nausea, vomiting, 
headache, and restlessness) are usually associated with 
high blood theophylline levels (>20 pg/ml), although some 
individuals may experience side effects at lower levels 
(1-4). 


Magnesium aluminum hydroxide suspension is a com- 
monly used antacid for the symptomatic relief of hyper- 
acidity, gastritis, and heartburn. However, antacids affect 
the bioavailability of various drugs (5-8). The object of this 
investigation was to determine the effect of concurrent 
antacid therapy on the rate and extent of theophylline 
absorption from theophylline anhydrous tablets and 
theophylline anhydrous timed-release capsules. 


EXPERIMENTAL 


Reagents and Chemicals-All reagents and chemicals including 
theophylline anhydrous', sodium acetate', 7-@-hydroxypropyl)theo- 
phylline', P-hydroxyethyltheophylline', 8-chlorotheophylline', theo- 
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Table I-Patient Data and Doses of Theophylline for Each Drug Product 


Age, Height, Weight, Product Product Product Product Product Product Product Product 
Volunteer years m kg A,mg A,mg/kg B,mg B,mg/kg C,mg C,mg/kg D,mg D , m g k  


1 
2 
3" 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13b 
14 
Mean 
SD 


18 1.72 83.4 400 4.796 435 5.216 400 
1.82 99.8 500 5.010 500 5.010 500 


18 1.82 71.8 - - 375 5.223 350 
18 


19 1.80 71.1 350 4.923 375 5.274 350 
18 1.80 64.1 300 4.680 310 4.836 300 
23 1.82 91.4 450 4.923 435 4.759 450 
25 1.78 74.5 350 4.698 375 4.034 350 
26 1.78 81.8 400 4.890 435 5.318 400 
24 1.78 79.5 400 5.031 375 4.717 400 
22 1.87 82.7 400 4.837 435 5.260 400 
19 1.87 93.2 450 4.828 435 4.667 450 
23 1.70 60.9 300 4.926 3 10 5.090 300 
18 1.72 65.7 350 5.327 - - - 
19 1.75 62.7 300 4.785 310 4.944 300 
20.7 77.3 4.896 5.027 
3.0 12.1 0.167 0.227 


4.796 
5.010 
4.875 
4.923 
4.680 
4.923 
4.698 
4.890 
5.031 
4.837 
4.828 
4.296 


4.785 
4.867 
0.109 


- 


435 5.216 
500 5.010 
375 5.223 
375 5.274 
310 4.836 
435 4.759 
375 5.034 
4.15 4.318 .- - _ _  
375 4.717 
435 5.260 
435 4.667 
310 5.090 


310 4.944 
5.027 
0.227 


0 Volunteer withdrew from study after receiving Treatments B-D. Volunteer withdrew from study after receiving Treatment A only. 


bromine2, caffeine3, and acetonitrile4 were of USP, NF, or analytical grade 
and were used as received. Normal serum samples5 were obtained from 
healthy students. All other reagents and solvents were purchased from 
commercial sources and used without further purification. 


Design-Fourteen male volunteers (18-26 years old), weighing an 
average of 77 kg, were judged healthy by physical examination. The 
volunteers refrained from all other medications, smoking, and theo- 
phylline-containing beverages such as coffee, tea, chocolate, and cola prior 
to and during the study. Each volunteer fasted overnight prior to and for 
4 hr after receiving the theophylline formulation. 


The following drug products were given to each volunteer in a four-way 
crossover Latin-square design with a 1-week interval between treatments 
Product A, theophylline anhydrous tablets6; Product B, theophylline 
anhydrous timed-release capsules7; Product C, theophylline anhydrous 
tablets6 with 15 ml of magnesium aluminum hydroxide suspensiona; and 
Product D, theophylline anhydrous timed-release capsules7 with 15 ml 
of magnesium aluminum hydroxide suspensiona. 


All doses of theophylline were based on 5 mg/kg, and each drug product 
was given with 240 ml of water. Both serum and urine samples were ob- 
tained at zero time and periodically after medication. Serum samples were 
assayed for theophylline, and urine samples were tested for pH. 


Theophylline Assay-Serum samples were assayed for theophylline 
concentrations by reversed-phase high-pressure liquid chromatography 
(HPLC) (9) with P-hydroxyethyltheophylline as the internal stan- 
dard. 


The high-pressure liquid chromatographg was fitted with a UV (254 
nm) absorbance detector and strip-chart recorderlo. Samples were 
chromatographed on a reversed-phase HPLC column, 30 ern X 4 mm i.d., 
packed with 10-pm octadecyltrichlorosilane-coated silica beads". The 
mobile phase was prepared by mixing 930 ml of a 10-mmole sodium ac- 
etate buffer (pH 4.0) with 70 ml of acetonitrile. The mobile phase was 
degassed and filtered'* prior to use. 


All determinations were performed at ambient temperature with a 
solvent flow rate of 2 ml/min. The detector sensitivity scale was 0.005, 
and the chart speed was 0.25 cm/min. Pressure was maintained at -2200 
psi. All sample injections were 10 pl. 


A standard theophylline concentration curve was prepared daily by 
processing pooled serum samples spiked with known concentrations of 
theophylline concurrently with the unknown serum samples. A statistical 
least-squares fitting procedure was employed for calculating the standard 
curve by comparing the peak height ratio of theophylline to b-hydroxy- 
ethyltheophylline to the spiked serum theophylline concentrations. Assay 
sensitivity was -0.5 pg/ml, which is adequate for measuring the expected 
serum theophylline concentrations. This HPLC procedure was validated 


Merck & Co.. Rahwav. N.J. 
Mallinckrodt, St. Lobis, Mo. 
J. T. Baker Chemical Co., Phillipsburg, N.J. 
Lane Health Center, Northeastern Universitv. Boston. Mass 
Slo-Phyllin, Dooner Laboratories, Haverhil1,"Mass. ' 


Slo-Phyllin Gyrocaps, Dooner Laboratories, Haverhill, Mass. 
Maalox, William H. Rorer, Fort Washington, Pa. 
ALC GPC model 204, Waters Associates, Milford, Mass. 


lo Fisher Recordall Series 500, Fisher Scientific Co., Fair Lawn, N.J. 
l1 pBondapak CIS, Waters Associates, Milford, Mass. 
l2 Millipore filtering system (type GS), Millipore Corp., Bedford, Mass. 


Table 11-Effect of Antacid on Theophylline Pharmacokinetics 
from Rapid and Timed-Release Drug Products 


Product Product Product Product 
Parameter A B C D 


K A  , hr-' 2.10" 0.27 2.41 0.24* 
(1.31) (0.08) (1.77) (0.06) 


K ,  hr-I 0.15 0.20 0.16 0.17 
(0.06) (0.07) (0.07) (0.06) 


FIV,  kg/ml 0.0023 0.0030 0.0025 0.0024 
(0.0003) (0.0007) (0.0004) (0.0005) 


AUC, pg hr/ml 89.2 79.0 87.3 76.2 
(30.4) (27.4) (28.5) (32.5) 


tm.vC. hr 1.66 4.456 1.73 5.04b*d ...- ̂ I 


(0.67) (0.92) (0.91) (0.89) 
Cmaxc, d m l  9.07 6.1Sb 9.04 5.24 '~~ 


(1.32) (1.37) (1.53) (1.44) 


Each value represents the mean for 13 volunteers with the standard deviation 
p in parentheses. * p < 0.01 compared to Product A. Obtained by calculation. 


< 0.01 compared to Product B. 


using control human serum samples containing known concentrations 
of theophylline, which were unknown to the operator (r 0.972). 


RESULTS 
The patient data and doses of theophylline appear in Table I. The 


serum theophylline concentration-time curves obtained from each pa- 
tient were fitted to an oral absorption one-compartment open model using 
a least-squares regression analysis program13. Preliminary parameter 


Y , . . , . , , 


0 2 4 6 8 10 12 14 16 1'8 20 22 24 
HOURS 


Figure I-Comparison of mean theophylline level-time curves in uol- 
unteers after receiving either Product A, theophylline anhydrous tablets 
(O-J, or Product B, theophylline anhydrous time-release capsules 
(0 - - -); n = 13. 


I3 C. M. Metzler, The Upjohn Co., Kalamazoo, MI 49001, personal communica- 
tion. 
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HOURS 
Figure 2-Comparison of mean theophylline level-time curves in vol- 
unteers after receiving either Product A, theophylline anhydrous tablets 
(0-), or Product C, theophylline anhydrous tablets plus 15 ml of 
antacid (0 - - -); n = 13. 


estimates were made using the Wagner-Nelson method (10). The one- 
compartment oral absorption model (Scheme I) is described by: -Lm- K 


Scheme I 


(e-Kt - e-K.t) FDKA 
C -  


( K A  - K ) V  
(Eq. 1) 


where KA is the first-order absorption rate constant, K is the first-order 
elimination rate constant, D is the dose, C is the serum drug concentra- 
tion, V is the volume of distribution, t is the time after drug adminstra- 
tion, and F is the fraction of drug absorbed. 


The time for peak serum theophylline level (tmar) for each subject was 
calculated from: 


(Eq. 2) 


and the maximum serum theophylline level (Cmax) was calculated by 
substitution of tmax for t in Eq. 1. Computer estimation of theophylline 
pharmacokinetic parameters for each patient and each drug product was 
obtained. Coefficients of correlation for the theophylline anhydrous 
tablets and the theophylline anhydrous timed-release capsules were 
0.97-0.99 and 0.96-0.99, respectively, demonstrating excellent fit of the 
data. The tmax is the time for peak serum theophylline concentration as 
calculated from K A  and K.. 


The mean pharmacokinetic parameters obtained for the theophylline 
anhydrous tablets and theophylline anhydrous timed-release capsules 
are shown in Table 11. As expected, the K A  value (2.10 f 1.31 hr-l) for 
the theophylline bioavailability rate from the rapid release tablet was 
significantly larger than the K A  (0.27 f 0.08 hr-’) for theophylline bio- 
availability from the timed-release capsules. Furthermore, the tmax for 
rapid release theophylline anhydrous tablets (Product A) was 1.66 f 0.67 


HOURS 
Figure 3-Comparison of mean theophytline level-time curues in vol- 
unteers after receiving either Product B, theophylline anhydrous 
timed-release capsules (0-), or Product D, theophylline anhydrous 
timed-release capsules plus 15 ml of antacid (0 - - -); n = 13. 


“ 1  


0 2 4 6 8 10 12 14 16 18 20 22 24 
H O U R S  


Figure 4-Predicted serum theophylline level time-curue in Patient 
1 after receiving Product A ,  theophylline anhydrous tablets. Experi- 
mental values are indicated. 


hr, which was significantly shorter than the tma of 4.45 f 0.92 hr for the 
theophylline anhydrous timed-release capsules (Product B). The cor- 
responding serum theophylline level-time curves for Products A and B 
are shown in Fig. 1. 


The medication of 15 ml of magnesium aluminum hydroxide suspen- 
sion given concurrently with the theophylline products did not affect the 
tmax for the rapid release theophylline tablets (Product C) but signifi- 
cantly ( p  < 0.05) increased the tmar for the timed-release theophylline 
capsules (Product D) (Table I1 and Figs. 2 and 3). However, the apparent 
rate constant for absorption, K A ,  for theophylline from the timed-release 
capsules was not affected by concurrent antacid administration. 


The extent of theophylline bioavailability from both rapid release and 
timed-release forms was essentially similar as shown by the AUC values. 
Furthermore, there were no differences in the FIV values for both drug 
products, demonstrating that theophylline availability was similar and 
consistent. Moreover, the concurrent administration of 15 ml of mag- 
nesium aluminum hydroxide suspension with either the rapid release or 
timed-release theophylline drug products did not affect the AUC or FIV 
values (Table 11). 


The observed serum theophylline concentration-time curves and the 
theoretically calculated curves for each drug product in one patient are 
shown in Figs. 4 7 .  All curves from each patient demonstrated excellent 
correlation coefficients, indicating that the data were well described by 
the oral absorption one-compartment open model. 


Urine pH was measured for each individual. No significant differences 
in urine pH due to antacid were apparent in the specimens collected 
during the entire 24 hr of sampling. 


DISCUSSION 


Theophylline pharmacokinetics after an intravenous bolus have been 
described as a two-compartment open model with a very rapid distri- 
bution phase (3.11-14). The results of this study confirm previous reports 
that the one-compartment open model may be used to describe the oral 
absorption of theophylline from a rapid release tablet or a timed-release 
capsule (3, 13, 14). 


Concurrent administration of 15 ml of magnesium aluminum hy- 


f 2 -  


5 n 1 -  
w 
v, 6 5 4 6 8 1  


H O U R S  
Figure 5-Predicted serum theophylline leuel-time curue in Patient 
I after receiving Product B ,  theophylline anhydrous timed-release 
capsules. Experimental values are indicated. 
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Figure 6-Predicted serum theophylline level-time curve in Patient 
I after receiving Product C ,  theophylline anhydrous tablets plus 15 ml 
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Figure 7-Predicted serum theophylline level-time curve in Patient 
1 after receiuing Product D ,  theophylline anhydrous timed-release 
capsules plus 15 ml of antacid. Experimental ualues are indicated. 


droxide suspension with the rapid release theophylline anhydrous tablets 
did not affect theophylline bioavailability, as shown by the lack of any 
significant effect on the various pharmacokinetic parameters mea- 
sured. 


Antacid given with the theophylline anhydrous timed-release capsules 
increased the time for peak serum concentration, t,,,, by -13%. How- 
ever, both the absorption rate constant, K A ,  and the AUC for theo- 
phylline from the timed-release capsules were not affected by concurrent 
antacid administration. Therefore, the extent of theophylline bioavail- 


ability from the timed-release capsules was unaffected by antacid, and 
the theophylline bioavailability rate was affected only slightly. 


A previous study (5) reported that 30 ml of magnesium aluminum 
hydroxide suspension significantly decreased the Ka for theophylline 
in volunteers given a single 200-mg dose of aminophylline tablets. This 
decrease may have been due to the fact that theophylline was given as 
the ethylenediamine salt (aminophylline) and in smaller doses compared 
to the present study. In addition, 30 ml of antacid was given compared 
to the 15 ml used in this study. In both studies, the elimination rate 
constant, K, AUC, and FJV values were in good agreement. 


In conclusion, these data demonstrate that the concurrent adminis- 
tration of 15 ml of magnesium aluminum hydroxide suspension does not 
significantly affect the bioavailability of theophylline from theophylline 
anhydrous tablets or theophylline anhydrous timed-release capsules. 
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Abstract Two series of p-(3-methyl-5-phenylpyrazole-l)benzene- 
sulfonylurea and p-(4-bromo-3-methyl-5-phenylpyrazole-l)benzene- 
sulfonylurea derivatives were prepared for evaluation as hypoglycemic 
agents. Preliminary biological testing revealed that the new compounds 
possess potent antidiabetic activity. 


Keyphrases a 3-Methyl-5-phenylpyrazolesulfonylurea derivatives- 
preparation and evaluation for antidiabetic activity 0 Structure-activity 
relationships-3-methyl-5-phenylpyrazolesulfonylurea derivatives and 
antidiabetic activity 0 Antidiabetic activity-3-methyl-5-phenylpyra- 
zolesulfonylurea derivatives synthesized and tested 


Since 3,5-dimethylpyrazole and its active metabolite, 
5-methylpyrazole-3-carboxylic acid, have potent hypo- 


glycemic activity (1-51, studies have been performed on 
the synthesis of several new 3,5-disubstituted pyrazoles 
(6-8). In a continuation of previous work (81, many new 
substituted 3-methyl-5-phenylpyrazolesulfonylurea de- 
rivatives were prepared1. These compounds are analogous 
to, but vary in structure from, the aryl sulfonylurea de- 
rivatives. 


The proposed compounds might provide valuable in- 
formation concerning the structural requirements for 


1 Application for a patent was made for the compounds described in this re- 
port. 
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II 


Table I-Substituted p-(3-Methyl-5-phenylpyrazole-l) benzenesulfonylurea (V) and Thiourea (VI) Derivatives x 


Compound R 
Yield, Melting 


X 90 Point Formula 
Analysis, % 
Calc. Found 


0 85 


0 80 


0 70 


0 75 


0 80 


S 80 


S 70 


S 75 


S 70 


S 70 


S 75 


198" 


196" 


140' 


177' 


180" 


187" 


174" 


172' 


186' 


207' 


210" 


c 59.4 
H 5.2 
N 14.6 
S 8.3 
C 60.3 
H 5.5 
N 14.1 
S 8.0 
C 61.2 
H 5.8 
N 13.6 
S 7.8 
C 63.0 
H 5.9 
N 12.8 
s 7.3 
C 63.9 
H 4.6 
N 13.0 
s 7.4 
C 57.0 
H 5.0 
N 14.0 
S 16.0 c 58.3 
H 4.9 
N 13.6 
S 15.5 
C 58.9 
H 5.6 
N 13.1 
S 15.0 
C 60.8 
H 5.7 
N 13.3 
S 14.1 
C 62.3 
N 4.8 
N 12.1 
S 13.9 
C 62.3 
H 4.8 
N 12.1 
s 13.9 


59.8 
5.4 


14.8 
8.1 


60.4 
5.3 


14.2 
8.3 


61.3 
5.7 


13.7 
7.9 


63.1 
5.6 


12.7 
7.2 


64.0 
4.4 


13.2 
7.6 


56.8 
5.3 


13.7 
16.0 
58.4 
4.9 


13.3 
15.3 
59.2 
5.4 


13.3 
15.4 
60.5 
5.5 


13.1 
14.4 
62.4 
4.4 


12.0 
13.7 
62.1 
4.8 


12.5 


hypoglycemic activity. Therefore, two main series of p- 
(3-methyl-5-phenylpyrazole-1)benzenesulfonylurea and 
p-(4-bromo -3- methyl-5-phenylpyrazole-1)benzenesul- 
fonylurea derivatives were synthesized. Some synthesized 
compounds were tested for hypoglycemic activity. Pre- 
liminary biological testing revealed that the compounds 
possess potent antidiabetic activity. 


DISCUSSION 


The new pyrazoles are listed in Tables I and 11. The antidiabetic ac- 
tivity of selected compounds is listed in Table 111. 


l-Phenylbutane-1,3-dione (1) reacts with aryl hydrazines to give a 
monohydrazone. On heating, this monohydrazone cyclizes to l-aryl-3- 
methyl-5-phenylpyrazoles (9-12). 


l-(p-Sulfamylphenyl)-3-methyl-5-phenylpyrazole (111) was prepared 
by treating p-sulfamylphenylhydrazine (11) with an equivalent amount 
of l-phenylhutane-1,3-dione. Alkaline potassium permanganate oxida- 
tion of 111 afforded l-(p-sulfamylphenyl)-5-phenylpyrazole-3-carboxylic 
acid (IV). 


Bromination of 111 afforded l-(p-sulfamylphenyl)-4-bromo-3- 


methyl-5-phenylpyrazole (VII). Acetylation of 111 with acetic anhydride 
afforded the monoacetyl derivative, as confirmed by microanalysis and 
IR and PMR spectra. 


Substituted p-(3-methyl-5-phenylpyrazole-l)benzenesulfonylurea 
(V) and p-(4-bromo-3-methyl-5-phenylpyrazole-l)benzenesulfonylurea 
(VIII) derivatives were prepared by the reaction between 111 or VII and 
the appropriate isocyanate in dry acetone (13). 


Substituted p-(3-methyl-5-phenylpyrazole-l)benzenesulfonylthiourea 
(VI) and p-(4-bromo-3-methyl-5-phenylpyrazole-l)benzenesulfonyl- 
thiourea (IX) derivatives were prepared by treatment of 111 or VII with 
the appropriate isothiocyanate. 


EXPERIMENTALz 


l-(p-Sulfamylphenyl)-3-methyl-5-phenylpyrazole (111)-A 
mixture of p-sulfamylphenylhydrazine (18.7 g, 0.1 mole) and l-phenyl- 
hutan-1,3-dione (16.6 g, 0.1 mole) in ethanol (150 ml) was refluxed for 


2 Melting points were determined on a Kofler block and are uncorrected. IR 
spectra were determined as Nujol mulls with a Beckman IR-4210 spectrometer. 
PMR spectra were recorded on a Varian A-60 A spectrometer. Microanalyses were 
performed by the Microanalytical Unit, Faculty of Science, University of Cairo, 
Cairo, Egypt. 
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Table 11-Substituted p-(4-Bromo-3-methyl-5-phenylpyrazole-l) benzenesulfonylurea (VIII) and 


Compound R 
Yield, Melting 


X % Point Formula 
Analysis, % 
Calc. Found 


VIIIa 


VIIIb 


VIIIC 


VIIId 


VIIIe 


IXa 


IXb 


IXC 


IXd 


IXe 


IXf 


0 


0 


0 


0 


0 


S 


S 


S 


S 


S 


S 


85 


70 


60 


65 


70 


70 


60 


70 


60 


70 


65 


4-6 hr on a steam bath, concentrated, and allowed to cool. The crude 
product was separated and recrystallized (75% yield) from ethanol, mp 
1980. 


And-Calc. for C16H1&0zS C, 61.3; H, 4.8 N, 13.4; S, 10.2. Found 
C, 61.4; H, 4.5; N, 13.2; S, 10.1. 
l-(p-Sulfamylphenyl)-5-phenylpyrazole-3-carboxylic Acid 


(1V)-A stirred mixture of 111 (0.1 mole) and sodium hydroxide (0.15 
mole) in water (100 ml) was treated with powdered potassium perman- 
ganate (30 g) over 4 hr with stirring and cooling (temperature should not 
exceed ZOO).  Stirring was continued for 2 additional hr, and the mixture 
was left standing overnight. The mixture then was filtered and neutral- 
ized with 2 N HCl. The crude product was separated and crystallized from 
ethanol as colorless needles (65% yield), mp 185O. 


205' 


180° 


128O 


2220 


195O 


192' 


126O 


164' 


188O 


192O 


230' 


49.3 C 49.2 
H 4.1 4.5 
Br 17.3 17.4 
N 12.1 12.1 
S 6.9 6.8 
C 50.3 50.1 
H 4.4 4.1 
Br 16.8 16.4 
N 11.7 11.6 
S 6.7 6.9 
C 51.3 51.3 
H 4.7 4.8 
Br 16.3 16.4 
N 11.4 11.3 
S 6.5 6.4 c 53.4 53.5 
H 4.8 5.0 
Br 15.5 15.7 
N 10.8 10.7 
S 6.2 6.1 


54.3 C 54.0 
H 3.7 3.5 _. 


Br 15.7 15.9 
N 11.0 10.7 
S 6.3 6.1 


47.6 C 47.6 
H 4.0 3.8 
Br 16.7 16.5 
N 11.7 11.3 
S 13.4 13.4 
C 48.9 49.1 
H 3.9 4.0 
Br 16.3 16.1 
N 11.4 11.3 
S 13.0 13.3 c 49.7 50.0 
H 4.5 4.4 
Br 15.8 15.7 
N 11.0 11.3 
S 12.6 12.3 


51.8 C 51.8 
H 4.7 4.6 
Br 15.0 14.7 
N 10.5 10.4 


12.0 s 12.0 
53.6 C 53.2 


H 3.9 3.7 
Br 14.8 14.6 
N 10.4 10.4 
S 11.8 11.7 


53.4 C 53.2 
H 3.9 4.0 
Br 14.8 14.5 
N 10.4 10.0 
S 11.8 11.6 


And-Calc. for Cl~H13N304S: C, 56.0; H, 3.8; N, 12.2; S, 9.3. Found 
C, 55.7; H, 3.6; N, 12.0; S, 9.7. 


1-(p-Sulfamylphenyl) -4- bromo-3-methyl-5-phenylpyrazole 
(VI1)-A mixture of 111 (0.1 mole) in chloroform (100 ml) was stirred with 
bromine (0.1 mole) for 1 hr. The crude product that separated during 
stirring was filtered and recrystallized from ethanol as colorless needles 
(85% yield), mp 228'. 


And-Calc. for C16H14BrN302S: C, 49.0; H, 3.6; Br, 20.4; N, 10.7; S, 
8.2. Found: C, 49.2; H, 3.4; Br, 20.6; N, 10.6; S, 8.4. 


1 -(p-Acetamidosulfonylphenyl)-3-methyl-5-phenylpyr~ol~A 
mixture of 111 (0.01 mole), sodium acetate (0.02 mole), and acetic anhy- 
dride (10 ml) was refluxed for 3 hr. After cooling, the reaction mixture 
was poured onto water. The acetyl derivative was recrystallized from 
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Table 111-Antidiabetic Activity of Substituted p(3-Methyl-5- 
phenylpyrazole- 1 ) benzenesulfonylurea Derivatives 


I 


+ \ /  


I 


II 
SOZNHZ 
w 


J 
J 


d&jJ--J& I I 


Iv wr M 
Scheme I 


methanol as white needles (65% yield), mp 172'. 
Anal.-Calc. for C ~ S H I ~ N ~ O ~ S :  C, 60.8; H, 4.8; N, 11.8; S, 9.0. Found 


C, 61.1; H, 4.7; N, 11.5; S, 9.3. 
The IR spectra of this acetyl derivative revealed a secondary carbonyl 


amide absorption a t  1710 cm-I in addition to the two bands of the SOzN 
group at 1350 and 1170 cm-'. The PMR spectra showed three singlets 
at 6 6.2,2.3, and 1.8 for C-4, acetyl, and methyl protons, respectively, in 
addition to the aromatic protons at 6 7.9-7.1. 


Substituted p-(3-Methyl-5-phenylpyrazole-l)benzenesulfon- 
ylurea (V) and p-(4-Bromo-3-methyl-5-phenylpyrazole-l)ben- 
zenesulfonylurea (VIII) Derivatives-A mixture of 111 or VII (0.05 
mole) and anhydrous potassium carbonate (0.1 mole) in dry acetone (100 
ml) was stirred and refluxed for 1.5 hr. A t  this temperature, a solution 
of the appropriate isocyanate (0.075 mole) in dry acetone (20 ml) was 
added dropwise. After the mixture was stirred and refluxed overnight, 
acetone was removed under reduced pressure, and the solid residue was 
dissolved in water. The crude product was isolated by acidification with 
2 N HC1 and purified by recrystallization from ethanol. The IR spectra 
of these compounds revealed two absorption bands at  1350-1330 and 
1190-1170 cm-', indicative of the SO2N group as well as a urea carbonyl 
band a t  1660 cm-1. 


Substituted p-( 3-Methyl-5-phenylpyrazole-l ) benzenesulfonyl- 
thiourea (VI) and p-(4-Bromo-3-methyl-5-phenylpyrazole-l)- 
benzenesulfonylthiourea (IX) Derivatives-A mixture of I11 or VII 
(0.05 mole) and anhydrous potassium carbonate (0.1 mole) in dry acetone 
(100 ml) was stirred and treated with the appropriate isothiocyanate (0.06 
mole). After the mixture was stirred and refluxed for 10 hr, acetone was 
removed under reduced pressure. The solid mass thus obtained was 
dissolved in water and acidified with 2 N HCl. The crude product was 
purified by recrystallization from dilute ethanol. 


The IR spectra of these compounds revealed two absorption bands at  
1350-1335 and 1180-1170 cm-', indicative of the SOzN group, and a band 
at  1200-1050 cm-I, indicative of the C=S group, with the C-N absorption 


~ ~~ 


Reduction in 
Plasma Glucose 


Compound Level, TO P 
Phenformin 10 <0.01" 
3,5-Dimethylpyrazole 4 <0.05" 


IV <1 0.05 
Vb 20 <0.01" 
v c  21 <0.01" 
Vd 12.5 <0.01" 
Ve 4 0.05 


VIC 2 0.05 
VIIId 15 <0.01" 


IXe 2 0.05 
Statistically significant. 


(111) a t  1300 cm-'. 
1-[ p-( 2-PyrimidinylsulfamyI)phenyl]-3-methyl-5-phenylpyra- 


zole-A mixture of p-(2-pyrimidinylsulfamyl)phenylhydrazine (0.05 
mole) and l-phenylbutane-1,3-dione (0.05 mole) in ethanol (50 ml) was 
refluxed for 6 hr on a steam bath, concentrated, and allowed to cool. The 
crude product was recrystallized from ethanol as colorless crystals (75% 
yield), mp 265'. 


Anal.-Calc. for C~OHI~NSO~S: C, 61.3; H, 4.3; N, 17.9; S, 8.2. Found 
C, 60.9; H, 4.5; N, 17.5; S, 8.0. 


Biological Testing Method-Compounds IV, Vb-Ve, VIc, VIIId, 
and IXe were tested for hypoglycemic activity using alloxan-treated fe- 
male albino mice weighing 20 g. Alloxan, 100 mgkg, was injected into the 
tail vein in a 10-mg/ml saline solution. Three days later, the mice were 
given the test compounds orally in suspension in 1% carboxymethylcel- 
lulose solution at  the rate of 10 mg/kg. 


Each day, a group of six mice was used as a control, and one group of 
six mice was given the standard, 100 mg of phenforminkg. Up to six 
groups of six mice received the test compounds. Blood samples were 
collected into 0.04% NaF solution at  0, 1, and 3 hr. 


Glucose was determined by the microcolorimetric copper reduction 
technique of Haslewood and Strookman (14). Results are expressed as 
a percentage reduction of the plasma glucose level compared to the 
control value. 


Statistical significance was assessed by a Student t test. Statistical 
significance was accepted where the calculated t value exceeded the 
tabulated t value at  p = 0.05. 


From the data presented in Table 111, it is obvious that Vb-Vd and 
VIIId possess marked hypoglycemic activity. The potency of these 
compounds is more than that of phenformin, and they are much more 
active than the parent compound, 3,5-dimethylpyrazole. 
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Abstract 0 Four series of p-(3,5-diphenylpyrazole-l)-, p-[5-(p-chlo- 
rophenyl)-3-phenylpyrazole-l]-, p-[5-@-chlorophenyl)-4-hydroxy-3- 
phenyl-2-pyrazolin-l-yl]-, and p-[5-(p-chlorophenyl)-4-hydroxy-3- 
phenylpyrazole-11 benzenesulfonylurea derivatives were prepared for 
evaluation as hypoglycemic agents. Preliminary biological testing re- 
vealed that the new compounds possess potent hypoglycemic activity. 


Keyphrases 3,5-Diarylpyrazolesulfonylurea derivatives, substi- 
tuted-preparation and evaluation for antidiabetic activity Struc- 
ture-activity relationships-substituted 3,5-diarylpyrazolesulfonylurea 
derivatives and antidiabetic activity Antidiabetic activity-substituted 
3,5-diarylpyrazolesulfonylurea derivatives synthesized and tested 


Since several 3,5-dimethylpyrazoles possess hypogly- 
cemic activities as great as 100 times that of tolbutamide 
in glucose-primed intact rats (1-5), studies have been 
conducted on the synthesis of new 3,5-disubstituted py- 
razoles (6-9). In continuation of previous work (8,9), many 
new substituted 3,5-diarylpyrazolesulfonylurea derivatives 
were prepared'. 


In light of the biological data reported in this paper and 
previously (8,9), a possible structure-activity relationship 
for hypoglycemic activity may result. 


Four series of p -(3,5-diphenylpyrazole-1)-, p -[5-(p - 
chlorophenyl) -3-phenylpyrazole- 11 -, p - [5-(p -chlorophe- 
nyl) -4-hydroxy-3-pheny1-2-pyrazolin-l-y1] -, and p - [5- 
(p-chlorophenyl)-4-hydroxy -3- phenylpyrazole-llben- 
zenesulfonylurea derivatives were synthesized. Some 
compounds were tested for hypoglycemic activity. Pre- 
liminary biological testing revealed that the compounds 
showed potent antidiabetic activity. 


DISCUSSION 


The new pyrazoles are listed in Tables I and 11. The compounds listed 
in Table I11 were tested for antidiabetic activity. 


l-(p-Sulfamylphenyl)-3,5-diphenylpyrazole (111) was prepared by 
treating p-sulfamylphenylhydrazine (I) with an equivalent amount of 
epoxybenzalacetophenone (11) (Scheme I). Acetylation of I11 with acetic 
anhydride afforded the monoacetyl derivative (IVa). Similarly, ben- 
zoylation of 111 with benzoyl chloride or p-methoxybenzoyl chloride in 
pyridine afforded the corresponding monobenzoyl (IVb) and the p -  
methoxybenzoyl (IVc) derivatives, respectively, as affirmed by micro- 
analysis and IR spectra. 


Condensation of I with an equivalent amount of epoxy-p-chloro- 
benzalacetophenone (VII) afforded a mixture of 1-(p-sulfamylpheny1)- 
5-(p-chlorophenyl)-3-phenylpyrazole (VIII) and 1-(p-sulfamyl- 
phenyl)-5-(p-chlorophenyl)-4-hydroxy-3~phenyl-2-pyr~oline (IX). Com- 
pound IX, on oxidation with bromine water, gave 1-(p-sulfamyl- 
phenyl)-5-(p-chlorophenyl)-4-hydroxy-3-phenylpyrazole (X). Ben- 
zoylation of VIII and IX afforded the corresponding henzamidosulfonyl 
derivatives (Scheme 11). 


Substituted p-(3,5-diphenylpyrazole-l)- (V), substituted p-[5-(p- 
chlorophenyl)-3-phenylpyrazole-1] - (XII), substituted p -[5-(p -chloro- 
phenyl)-4-hydroxy-3-phenyl-2-pyrazolin-l-y1] - (XIII), and substituted 


Application for a patent was made for compounds described in this report. 


p-[5-@-chlorophenyl) -4- hydroxy-3-phenylpyole-l] benzenesulfonyl- 
urea (XIV) derivatives were prepared by the reaction between 111, VIII, 
IX, or X and the appropriate isocyanate in dry acetone (10). 


Substituted p-(3,5-diphenylpyrazole-l)- (VI), substituted p - [ 5 - ( p -  
chlorophenyl)-3-phenylpyrazole-l]- (XII), substituted p-[5-@-chloro- 
phenyl)-4-hydroxy-3-phenyl-2-pyrazolin-l-yl] - (XIII), and substituted 
p-[5-@-chlorophenyl)-4-hydroxy -3- phenylpyrazole-l]benzenesulfonyl- 
thiourea (XIV) derivatives were prepared by the reaction between 111, 
VIII, IX, or X and the appropriate isothiocyanates in dry acetone. 


Substitutedp-[5-(p -chlorophenyl)-4-hydroxy-3-phenylpyrazole-l]- 
benzenesulfonylurea and thiourea derivatives were also prepared by di- 
rect oxidation of the corresponding 2-pyrazoline derivatives (XIIIa- 
XIIIf) using bromine water. 


EXPERIMENTALZ 


l-(p-Sulfamylphenyl)-3,5-diphenylpyrazole (111)-A mixture of 
p -sulfamylphenylhydrazine (I, 0.1 mole) and epoxybenzalacetophenone 
(I1,O.l mole) in absolute ethanol (50 ml) was refluxed for 3 hr on a steam 
bath, concentrated, and allowed to cool. The crude product was filtered 
and recrystallized from ethanol as colorless prismatic needles (75% yield), 
mp 172". The IR spectrum of 111 revealed two characteristic bands at  1365 
and 1170 cm-', indicative of the SOzN group, and two bands at 3170 and 
3350 cm-l, indicative of the NHz group. 


Anal.-Calc. for C ~ ~ H ~ ~ N ~ O Z S :  C, 67.2; H, 4.5; N, 11.2; S, 8.5. Found: 
C, 67.2; H, 4.4; N, 11.3; S, 8.4. 


l-(p-Acetamidosulfonylphenyl)-3,5-diphenylpyrazole (1Va)-A 
mixture of I11 (0.01 mole), sodium acetate (0.02 mole), and acetic anhy- 
dride (10 ml) was refluxed for 4 hr. After cooling, the reaction mixture 
was diluted with water. The crude acetyl derivative was recrystallized 
from dilute methanol in yellow needles (65% yield), mp 98". The IR 
spectrum of IVa revealed a secondary carbonyl amide absorption at 1720 
cm-' and an NH band at  3090 cm-' in addition to the two bands of the 
SOzN group at  1365 and 1170 cm-'. 


Anal.-Calc. for C23H19N303S: C, 66.2; H, 4.6; N, 10.1; S, 7.7. Found: 
C ,  66.0; H, 4.8; N, 10.3; S, 7.9. 


l-(p-Benzamidosulfonylphenyl)-3,5-diphenylpyrazole (1Vb)-A 
solution of 111 (0.001 mole) in pyridine (5  ml) was heated with benzoyl 
chloride (0.001 mole) for 20 min. The reaction mixture was left a t  room 
temperature for 6 hr and then diluted with ice-cold water. The crude 
product was purified by recrystallization from dilute methanol to give 
white needles (70% yield), mp 135". The IR spectrum of IVb revealed 
a secondary carbonyl amide absorption at  1705 cm-' and an NH band 
at 3100 cm-', in addition to the two bands of the SOzN group at 1365 and 
1170 cm-'. 


Anal.-Calc. for C28H21N303S: C, 70.1; H, 4.4; N, 8.8; S, 6.7. Found 
C, 69.8; H, 4.2; N, 9.0; S, 6.7. 


1 -[ p-(p-Methoxybenzamido)sulfonylphenyl]-3,5-diphenylpyra- 
zole (1Vc)-A solution of I11 (0.001 mole) in pyridine (5 ml) was heated 
with p-methoxybenzoyl chloride (0.001 mole) for 20 min. The reaction 
mixture then was left at room temperature for 6 hr and diluted with 
ice-cold water. The crude product was purified by recrystallization from 
dilute methanol to give white needles (70% yield), mp 225'. The IR 
spectrum of IVc revealed a secondary carbonyl amide absorption at 1700 
cm-' and an NH band at 3090 cm-' in addition to the two bands of the 
SOzN group at  1365 and 1170 cm-1. 


~ ~~ ~ ~ ~~ ~ ~ 


Melting points were determined on a Kofler block and are uncorrected. IR 
spectra were determined as Nujol mulls with a Beckman IR-4210 spectrometer. 
PMR spectra were recorded on a Varian A-60 A spectrometer. Microanalyses were 
performed by the Microanalytical Unit, Faculty of Science, University of Cairo, 
Cairo, Egypt. 
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Table I-Substituted p-(3,5-Diarylpyrazole-l) benzenesulfonylurea Derivatives 


SO,NHCNHR 


X 
II 


Q 
Com- Yield, Melting Analysis, % 
pound R X XI Y % Point Formula Calc. Found 


Va 


Vb 


v c  


Vd 


Ve 


VIa 


VI b 


VIC 


VId 


VIe 


XIIa 


XIIb 


XIIC 


XIId 


XIIe 


XIIf 


0 


0 


0 


0 


0 


S 


S 


S 


S 


S 


0 


0 


0 


0 


0 


S 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


C1 


c1 


C1 


c1 


c1 


c1 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


70 


65 


60 


80 


70 


65 


60 


70 


65 


65 


70 


65 


60 


70 


65 


70 


2080 


205' 


235O 


2120 


2200 


175O 


162O 


2100 


214O 


158O 


215' 


222O 


205' 


2200 


223O 


210° 


C 64.6 
H 4.9 
N 12.6 
S 7.2 
C 65.2 
H 5.2 
N 12.2 
S 7.0 
C 65.8 
H 5.5 
N 11.8 
S 6.8 
C 67.2 
H 5.6 
N 11.2 
S 6.4 
C 68.0 
H 4.5 
N 11.3 
S 6.5 
C 62.3 
H 4.8 
N 12.1 
S 13.9 
C 63.6 
H 5.3 
N 11.4 
S 13.1 
C 65.1 
H 5.4 
N 10.8 
S 12.4 
C 66.4 
H 4.6 
N 10.7 s 12.2 
C 66.4 
H 4.6 
N 10.7 s 12.2 c 59.9 
H 4.4 
c1  7.4 
N 11.7 
S 6.7 
C 60.7 
H 4.7 
C1 7.2 
N 11.3 
S 6.5 
C 61.4 
H 4.9 
C1 7.0 
C 62.7 
H 5.1 
C1 6.6 
N 10.5 
S 6.0 
C 63.6 
H 4.0 
C1 6.7 
N 10.6 
S 6.1 
C 61.0 
H 4.9 
C1 6.4 
N 10.2 
S 11.6 


64.2 
4.7 


12.5 
7.2 


65.5 
5.4 


12.6 
7.1 


66.1 
5.4 


12.2 
6.7 


67.5 
5.2 


11.1 
6.4 


68.2 
4.5 


11.6 
6.5 


62.1 
4.8 


12.5 
13.7 
64.0 
5.3 


11.2 
13.3 
64.9 


5.7 
10.4 
12.3 
66.2 
4.5 


10.3 
12.1 
66.4 


4.8 
10.6 
12.6 
60.0 
4.3 
7.1 


11.8 
6.7 


61.1 
4.9 
7.0 


11.0 
6.3 


61.6 
5.2 
7.3 


63.0 
5.0 
7.0 


10.7 
5.7 


63.4 
4.2 
6.5 


10.6 
6.2 


61.3 
4.8 
6.2 


10.4 
11.9 


(continued) 
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Table I-Continued 


Com- 
pound R 


Yield, Melting 
X x1 Y % Point Formula 


Analysis, % 
Calc. Found 


0 c1 OH 60 195' C24H21ClN404S C 58.0 58.0 
H 4.2 4.6 


XIVa C2H5 


Cl 7.2 7.3 
N 11.2 11.0 


0 C1 OH 65 282' C28H21ClN404S c 61.7 62.1 
H 4.0 4.1 


XIVb C6H5 


N 10.3 10.2 
s 5.9 5.9 


XIVC C2H5 S C1 OH 70 175' C24H2lCIN403S~ C 56.2 56.5 
4.3 H 4.1 


C1 6.9 6.5 
N 10.9 10.8 
S 12.5 12.5 


S c1 OH 60 185' CzsHz7ClN403Sz C 59.3 59.2 
H 4.8 5.2 
C1 6.3 6.1 
N 9.9 10.0 
S 11.3 11.1 


XIVd C6Hll 


Anal.-Calc. for C29H23N304S: C, 68.4; H, 4.5; N, 8.3; S, 6.3. Found 
C, 68.4; H, 4.2; N, 8.3; S, 6.4. 


1 - (p - Sulfamylphenyl)-5-(p-chlorophenyl)-3-phenylpyrazole 
(VII1)-A mixture of p -sulfamylphenylhydrazine (0.1 mole) and 
epoxy-p-chlorobenzalacetophenone (0.1 mole) in absolute ethanol (50 
ml) was refluxed for 3 hr on a steam bath, concentrated, and allowed to 
cool. The crude product was filtered and recrystallized from a mixture 
of benzene and ethanol to give yellow needles (60% yield), mp 275'. The 
IR spectrum of VIII revealed two characteristic bands at  1360 and 1150 
cm-', indicative of the S02N group, and two bands at  3170 and 3320 
cm-', indicative of the NH2 group. 


Anal.-Calc. for C21H16ClN302S: C, 61.5; H, 3.9; C1,8.7; N, 10.3; S, 7.8. 
Found C, 61.4; H, 3.5; C1,8.5; N, 10.1; S, 7.7. 


1 -(p-Sulfamylphenyl)-5-(p-chlorophenyl)-4-hydroxy-3-phenyl- 


2-pyrazoline (1X)-When the mother liquor of the previous reaction 
was left to evaporate slowly, the pyrazoline derivative separated out. It 
was recrystallized from methanol as colorless plates (40% yield), mp 225'. 
The IR spectrum of IX revealed a band at  3400 cm-', indicative of an OH 
group, and two bands at  3220 and 3280 cm-l, indicative of the NHz 
group. 


Anal.-Calc. for C21H18C1N303S: c, 58.9; H, 4.2; c1,8.3; N, 9.8; s, 7.5. 
Found C, 59.2; H, 4.5; C1,8.1; N, 10.1; S, 7.6. 


1 - [p-(p-Methoxybenzamido)sulfonylphenyl]-5-(p-chlorophe- 
nyl)-3-phenylpyrazole (XI)-A solution of VIII (0.001 mole) in pyridine 
(5 ml) was heated with p-methoxybenzoyl chloride (0.001 mole) for 20 
min. The mixture was left at room temperature for 6 hr and then diluted 
with ice-cold water. The crude product was purified by recrystallization 
(50% yield) from dilute methanol, mp 242'. The IR spectrum of XI re- 


Table 11-Substituted p-[5-(p-Chlorophenyl)-4-hydroxy-3-phenyl-2-pyrazolin-1-yl]benzenesulfonylurea 
Derivatives 


CI 


4 
&NHCNHR 


II 
X 


Yield, Melting Analysis, % Com- 
oound R X % Point Formula Calc. Found 


XIIIa CZH5 0 65 C 57.8 58.0 
4.6 H 4.6 


C1 7.1 7.3 
N 11.2 11.1 
S 6.4 6.4 


XIIIb C6Hll 0 70 230' CzsHzsC1N404S C 60.8 60.5 
H 5.3 5.4 
C1 6.4 6.0 
N 10.1 10.3 s 5.7 5.8 


XIIIC C6H5 0 60 172' CzsHz3CN04S C 61.5 61.5 
H 4.2 4.4 
C1 6.5 6.4 
N 10.2 10.5 s 5.9 5.9 


XIIId C2H5 S 65 195' C Z ~ H B C N O ~ S Z  C 56.0 55.9 
H 4.5 4.1 
C1 6.9 6.5 
N 10.9 10.8 
S 12.5 12.5 


C1 6.2 6.1 
N 9.7 10.1 s 11.1 11.5 
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NHNHz 


Q 6 


6 SO2 NHCSNH R 


SO,NH, 
11 I 


SOzNHp SOZNHCOR 
N 


SOzNHCONHR 


Scheme I 
VI 


Q 
v 


vealed a secondary carbonyl amide band at 1705 cm-* and an NH band 
at 3090 cm-'. 


Anal.-Calc. for CzgHzzClN304S C, 64.0; H, 4.0; C1,6.5; N, 7.7; S, 5.9. 
Found: C, 64.4; H, 4.1; C1,6.4; N, 7.9; S, 5.5. 


I -(p-Benzamidosulfonylphenyl)-5-(p-chlorophenyl)-4-hydroxy- 
3-phenyl-2-pyrazoline-A solution of IX (0.001 mole) in pyridine (5 
ml) was heated with benzoyl chloride (0.001 mole) for 20 min. The reac- 
tion mixture then was left at room temperature for 6 hr and diluted with 
ice-cold water. The crude product was purified by recrystallization from 
methanol to give white needles (75% yield), mp 162O. The IR spectrum 
revealed a band at 3380 cm-', indicative of an OH group, a secondary 
carbonyl amide band at  1710 cm-l, and an NH band at  3100 cm-'. 


Anal.-Calc. for CzsHzzClN304S: C, 63.2; H, 4.1; C1,6.7; N, 7.9; S, 6.0. 
Found C, 63.4; H, 4.5; C1,6.8; N, 7.7; S, 6.0. 
1-[p-(p-Methoxybenzamido)sulfonylphenyl] -5- (p-chlorophe- 


nyl)-4-hydroxy-3-phenyl-2-pyrazoliie-A solution of IX (0.001 mole) 
in pyridine (5 ml) was heated with p-methoxybenzoyl chloride (0.001 
mole) for 20 min. The reaction mixture then was left a t  room temperature 
for 6 hr and diluted with ice-cold water. The crude product was purified 
by recrystallization from ethanol to give white needles (70% yield), mp 
190'. The IR spectrum revealed a band at 3350 cm-', indicative of an OH 
group, a secondary carbonyl amide band at 1715 cm-l, and an NH band 
at 3100 cm-'. 


And-Calc. for C29Hz&lN30$3: C, 62.0; H, 4.3; C1,6.3; N, 7.5; S, 5.7. 
Found: C, 62.2; H, 4.3; C1,6.1; N, 7.6; S, 5.8. 


1 - (p  - Sulfamylphenyl)-5-(p-chlorophenyl)-4-hydroxy-3-phe- 
nylpyrazole (X)-A suspension of IX (0.01 mole) in water (10 ml) was 
treated with 5% bromine water until a faint-yellow color developed with 
stirring. Stirring continued for 2 hr, and the crude pyrazole was filtered 
and recrystallized from methanol as colorless needles (45% yield), mp 
252'. The IR spectrum of X showed a band at  3400 cm-', indicative of 
an OH group, and two bands at 3230 and 3290 cm-', indicative of an NH2 
group. 


And-Calc. for C21H1&1N303S: C, 59.2; H, 3.8; C1,8.3; N, 9.9; S, 7.5. 
FoundC,59.1;H,3.9;Cl,8.1;N,lO.l;S,7.5. 


Substituted p-(3,5-Diarylpyrazole-l)benzenesulfonylurea (V, 
XII, and XLV) Derivatives-A mixture of 111, VIII, or X (0.01 mole) and 
anhydrous potassium carbonate (0.02 mole) in dry acetone (25 ml) was 
stirred and refluxed for 1 hr. At this temperature, a solution of the ap- 
propriate isocyanate (0.015 mole) in dry acetone (5 ml) was added 
dropwise. After the mixture was stirred and refluxed overnight, acetone 
was removed under reduced pressure, and the solid residue was dissolved 
in water. The crude product was isolated by acidification with 2 N HCI 
and purified by recrystallization from ethanol (Table I). 


Substituted p-(3.5-Diarylpyrazole-l)benzenesulfonylthiorea (VI, 
XII, and XIV) Derivatives-A mixture of 111, VIII, or X (0.01 mole) and 
anhydrous potassium carbonate (0.02 mole) in dry acetone (25 ml) was 
stirred and treated with the appropriate isothiocyanate (0.012 mole). 
After the mixture was stirred and refluxed for 10 hr, acetone was removed 


under reduced pressure, and the solid mass was dissolved in water and 
acidified with 2 N HC1. The crude product was purified by recrystalli- 
zation from dilute ethanol (Table I). 


Substituted p-[5-(p-Chlorophenyl)-4-hydroxy-3-phenyl-2- 
pyrazolin-1-yl]benzenesulfonylurea and Thiourea (XIIIa-XIIIf) 
Derivatives-Compounds XIIIa-XIIIf were prepared by the same 
procedures used in the preparation of substituted p-(3,5-diarylpyra- 
zole-1)benzenesulfonylurea and thiourea derivatives. 


Substituted p-[5-(p-chlorophenyl)-4-hydroxy-3-phenylpyrazole-l]- 
benzenesulfonylurea and thiourea (XIVa-XIVd) derivatives could also 
be prepared by bromine water oxidation of their corresponding pyrazoline 
derivatives (XIIIa-XIIIf). 


The IR spectra of Va-Ve showed a band at 1660-1680 cm-', indicative 
of C=O, and a band at 3110-3080 cm-l, indicative of an NH group. 
Compounds VIa-VIe showed a characteristic band in the region of 
1100-1140 cm-', indicative of a C=S group, and a band in the region of 
3100-3080 cm-', indicative of an NH group. Compounds XIIa-XIIe 
showed a characteristic band at 1660-1640 cm-l, indicative of a secondary 
carbonyl amide, in addition to the two bands of the SOzN group at  
1360-1330 and 1180-1150 cm-'. Compounds XIIIa-XIIIc showed two 
characteristic bands at 3400-3380 cm-', indicative of an OH group, and 
at 1665-1 650 cm-', indicative of a carbonyl group. Compounds XIIId 
and XIIIe showed a characteristic band at  1100-1220 cm-', indicative 
of a C=S group, in addition to the band of an OH group at 3450-3400 
cm-'. 


The PMR spectra of VIc showed aromatic protons at  6 7.2-8.0, a 
multiplet at 6 0.5-1.9 for the cyclohexyl protons, and a singlet at 6 6.9 due 
to the C-4 proton. 


The PMR spectra of XIIId showed a multiplet in the region of 6 8.1-8.8 
for the aromatic protons with the two NH protons, a triplet a t  6 1.1 for 
the CH3 of the ethyl group, and a quartet at 6 3.7 for the CH2 of the ethyl 
group. The C-4 and C-5 protons appeared as a triplet and doublet a t  d 


Table 111-Antidiabetic Activity of Substituted 35- 
Diarylpyrazole- 1-benzenesulfonylurea Derivatives 


Reduction in 
Com- Plasma Glucose 
pound Level, % 


Phenformin 


v c  
Vd 


111 


VIC 
XIIC 
XIIf 


XIIIb 
XIVb 


10 
<1 
12 
10 
7.5 
3 
2 
I 


10 


P 
<O.Ol" 


0.05 
<0.01" 
<o.o1a 
< O . O l O  


0.01a 
0.01" 


<o.o1a 
<o.o1n 


Statistically significant. 
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cI-@c*-cH-co~ t Q - c1 


SOZNHz 
'"' 


VII I 


c1 


SOzNHCNHR 
XI S0,NHCOR It Q II X 


X X 
XI1 XIII 


c1 


1 


SOzNHCN HR 
II 


Scheme II 


3.3 and 1.5, respectively. The signal a t  6 6.5 was due to the OH group. 
Biological Testing Method-Compounds 111, Vc, Vd, VIc, XIIc, 


XIIf, XIIIb, and XIVb were tested for hypoglycemic activity using al- 
loxan-treated female albino mice weighing 20 g. Alloxan, 100 mg/kg, was 
injected into the tail vein in a 10-mg/ml saline solution. Three days later, 
the mice were given the test compounds orally in suspension in 1% car- 
boxymethylcellulose solution at  the rate of 0.2 mmole/kg. 


Each day, a group of four mice was used as the control, and one group 
of four mice was given the standard, 100 mg (0.4 mmole) of phenformid 
kg. Up to six groups of four mice received the test compounds. Blood 
samples were collected into 0.04% NaF solution at 0,1, and 3 hr. 


Glucose was determined by the microcolorimetric copper reduction 
technique of Haslewood and Strookman (11). Results are expressed as a 
percentage reduction of plasma glucose levels compared to the control 
value. 


Statistical significance was assessed by the Student t test. Statistical 
significance was accepted where the calculated t value exceeded the 
tabulated t value at the p = 0.05 level. 


RESULTS 


Compounds Vc, Vd, VIc, XIIIb, and XIVb possess marked hypogly- 
cemic activity (Table 111). The potency of these compounds, however, 
is more than that of phenformin (0.2 mmole of test compound/kg com- 
pared to 0.4 mmole of phenformidkg) and much more active than 3,5- 
dimethylpyrazole. 


From the data presented previously (8.9) and in this study, it is obvious 
that many 3,5-disubstituted pyrazolebenzenesulfonylurea derivatives 
possess marked hypoglycemic activity. Thiourea derivatives are much 
less active. Introduction of a bromine atom at  position 4 of the pyrazole 


x 
x v  


ring increases the hypoglycemic activity of the sulfonylurea derivative. 
The 3-methyl-5-phenylpyrazole derivatives are much more active than 
their corresponding 3,5-dimethylpyrazole analogs. 3,5-Diarylpyra- 
zolesulfonylurea derivatives are quite active as antidiabetic agents. 
3,5-Diphenylpyrazole derivatives are much more active than their cor- 
responding 3-phenyl-5-(p -chlorophenyl)pyrazole analogs. The presence 
of an hydroxy group in position 4 of the pyrazole ring of benzenesulfon- 
ylurea derivatives increases hypoglycemic activity. 
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Abstract Highly polymerized grades of carboxymethylcellulose so- 
dium serve effectively as disintegrating agents for tablets. The preferred 
disintegrants have a high degree of polymerization with a small number 
of carboxymethyl groups. Grades with a low degree of polymerization are 
poor disintegrating agents irrespective of their degree of substitution. 
The dissolution rates of sulfamethoxazole tablets correlated with the 
disintegration times. 


Keyphrases Carboxymethylcellulose-effect of polymerization and 
substitution on tablet disintegration and dissolution a Disintegrants- 
carboxymethylcellulose, effect of polymerization and substitution on 
tablet disintegration and dissolution Binders-carboxymethylcellulose, 
effect of polymerization and substitution on tablet disintegration and 
dissolution Disintegration-tablets, effect of carboxymethylcellulose 
polymerization and substitution Dissolution-tablets, effect of car- 
boxymethylcellulose polymerization and substitution 


Carboxymethylcellulose sodium is the sodium salt of the 
polycarboxymethyl ether of cellulose. The cellulose mol- 
ecule consists of repeating cellobiose units, which are 
composed of two anhydroglucose units. The structures of 
the cellulose and carboxymethylcellulose molecules are 
(1): 


than 9.5% (2). The upper limit represents a degree of 
substitution of about 0.7. There is no specification for 
viscosity so the degree of polymerization can vary. As the 
degree of substitution decreases, the chemical structure 
of carboxymethylcellulose sodium approaches the chem- 
ical structure of natural cellulose. 


For many years, carboxymethylcellulose sodium has 
been used in tablets as a binder and as a viscosity builder 
in aqueous solutions (1). Carboxymethylcellulose sodium 
with a low sodium content and a degree of substitution 
below 0.2 was reported to be a suitable tablet disintegrant 
(3). Although there are no reports on the effect of different 
grades of carboxymethylcellulose sodium having varying 
degrees of polymerization and substitution on tablet 
characteristics, the physicochemical properties of cellulose 
are altered significantly with changes in the degree of 
substitution and polymerization. 


The present study evaluated the effect of various grades 
of carboxymethylcellulose sodium on the disintegration 
and dissolution rates of a sulfamethoxazole tablet. 


r- CHzORl 
I 


cellulose: R, = R, = R, = H 
carboxymethylcellulose: degree of substitution = 1 when R,  = CH,COOH, R, = R, = H 
degree of substitution = 3 when R,  = R, = R, = CH,COOH (n  = number of anhydroglucose units or  degree of polymerization) 


The degree of substitution refers to the average number 
of carboxymethyl groups that are substituted per anhy- 
droglucose unit. Thus, carboxymethylcellulose sodium has 
a degree of substitution of 0.7 when an average of seven 
carboxymethyl groups have been substituted per 10 
anhydroglucose units; it has a degree of substitution of 1.2 
when an average of 12 carboxymethyl groups have been 
substituted per 10 anhydroglucose units. 


The average molecular weight of carboxymethylcellulose 
sodium is determined by the average chain length and the 
degree of substitution. The viscosity of carboxymethyl- 
cellulose sodium dispersions increases as the molecular 
weight increases and thus is used as a measure of the de- 
gree of polymerization. 


The USP XX has a specification for sodium content 
calculated on a dry basis of not less than 6.5% and not more 


EXPERIMENTAL 


Materials-Sulfamethoxazolel, carboxymethylcellulose sodium2 of 
various grades, pregelatinized starch3, and magnesium stearate* were 
used. 


Equipment-A single-punch tablet press5, a friabilator6, a hardness 
tester7, a USP disintegration apparatuss, a USP dissolution apparatusg, 
a viscometer LVT'O, U S .  sieves numbers 14 and 2011, and a mixerI2 were 
used. 


1 Research compound, Hoffmann-La Roche, Nutley, N.J. 
2 Hercules Inc., Wilmington, Del. 
3 National Starch, Bridgewater, N.J. 


Mallinckrodt Corp., St. Louis, Mo. 
5 Thomas Engineering Co., Hoffmann Estates, Ill. 
6 Hoffmann-La Roche, Nutley, N.J. 
7 Cherry-Burrell Corp., Cedar Rapids, Iowa. 
8 Scientific Glass Co., Bloomfield, N.J. 
9 Van-Kel Industries, Chatham, N.J. 


10 Brookfield Engineering Laboratories, Stoughton, Mass. 
11 US. Standard Sieves, Newark Wire Cloth Co., Newark, N.J. 
12 Hobart Manufacturing Co., Troy, N.Y. 
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Table I-Sulfamethoxazole Solubility in Various Solvents a t  25" 


Solubility, 
Solvent mg/ml 


95% Ethanol 
Methanol 
0.1 N NaOH 


30 
90 
16 


Water 0.5 
0.1 N HC1 0.03 
0.84 N HCl 2.85 


Table 11-Viscosities of Various Grades of 
Carboxymethylcellulose Sodium in Water at 25" 


3 
5 10 15 20 25 30 


MINUTES 


Figure 1-Effect of the degree of substitution of highly polymerized 
carboxymethylcellulose sodium on the dissolution rate of sulfa- 
methoxazole tablets. 


~~ 


Viscosity Actual 
Degree of Concentration, Range b ,  Viscosity, 


0.4 IVH 1 400-1000 1080 
0.4 IVM 2 300-600 350 
0.4 IVL 2 24 maximum 16 
0.7 VIIH 1 1500-2500 1580 


Substitution Grade" % CPS CPS 


Solubility Studies-The solubility of the sulfamethoxazole in various 
solvents was determined by the method specified in USP XX (2). 


Viscosity Studies-The viscosity of various carboxymethylcellulose 
sodium samples was determined in distilled water at 25" with aviscom- 
eter. The percentage concentration, spindle number, and speed recom- 
mended by the supplier were used. 


Manufacture of Tablets-The raw materials were used as received. 
The formulations used in the study were as follows: 


control experimental experimental 
formula, formula 1, formula 2, 


mg mg 
500 500 
25 25 pregelatinized starch 25 


carboxymethylcellulose - 15 25 


magnesium stearate 2.5 2.5 2.5 


The sulfamethoxazole was mixed with the pregelantinized starch and 
passed manually through a 20-mesh sieve. The mixture was remixed and 
granulated with water (240 ml of distilled water for loo0 tablets) and the 
granulation was placed on trays and dried overnight in an oven set a t  
54.4O. The dried granulation was screened manually through a 14-mesh 
screen. Then carboxymethylcellulose sodium was mixed with the dried 
granulation for 10 min. The granulation was lubricated with magnesium 
stearate by blending the mixture for 5 min. The tablets were compressed 
on a single-punch tablet press using 1.3-cm (0.5-in.) diameter flat-faced 
beveled-edge punches to a hardness of -15 Strong-Cobb units. 


Assay-The UV spectrum of sulfamethoxazole showed a maximum 
absorption at 265 nm. It obeyed Beer's law in 0.84 N HCl. 


Disintegration-Tablet disintegration was carried out in simulated 
gastric and intestinal fluids a t  37' using the USP XX disintegration 
apparatus without disks. 


Dissolution Rate-The dissolution rate was measured by the USP 
XX method using the rotating basket at 100 rpm with 0.84 N HC1 as the 


sulfamethoxazole -SF- 
sodium 


lo0l 
80 


60 


40 


20 


5 10 15 20 25 30 35 
MINUTES 


Figure 2-Effect of the degree of substitution of carboxymethylcellulose 
sodium on the dissolution rate of sulfamethoxazole tablets. 


0.7 VIIM 2 300-600 320 
0.7 VIIL 2 25-50 30 
0.9 IXH 1 2500-4500 3200 
0.9 IXM 2 400-800 360 
1.2 XIIM 2 800-3100 850 


The first number represents the degree of substitution. Thus, IV, V, VII, IX, 
or XI1 represents the degree of substitution of 0.4,0.5,0.7,0.9, or 1.2, respectively. 
The L, M, or H signifies low, medium, or high viscosity. * According to supplier. 


dissolution medium. The percentage of the drug released was determined 
as a function of time. 


RESULTS AND DISCUSSION 


Sulfamethoxazole was poorly soluble in distilled water as well as in 0.1 
N HCl (Table I). Its solubility was markedly improved in 0.84 N HCl. 
As a consequence, the latter solvent was used in the dissolution 
studies. 


The viscosities of the various grades of carboxymethylcellulose sodium 
are shown in Table 11. In addition, the nomenclature for the various 
grades is explained. 


All tablets manufactured met USP specifications for weight variation, 
content uniformity, and friability. They had a hardness range of 13-16 
Strong-Cobb units. The data on the disintegration and dissolution rates 
of the various tablets are given in Table I11 and in Figs. 1-3. The results 
clearly show that the highly polymerized grades of carboxymethylcellu- 
lose sodium are good disintegrating agents. The disintegration properties 
were significantly influenced by the degree of substitution. The gums with 
a low degree of substitution together with a high degree of polymerization 
were excellent disintegrating agents. The disintegration properties of 
carboxymethylcellulose sodium decreased as the degree of substitution 
increased and the degree of polymerization decreased. Thus, carboxy- 
methylcellulose sodium with a degree of substitution of 0.4 and a high 
degree of polymerization would be an excellent disintegrant. However, 


1 0 0 1  


80 


60 


40 


20 


5 10 15 20 25 30 
MINUTES 


Figure 3-Effect of the degree of polymerization of carboxymethyl- 
cellulose sodium on the dissolution rate of sulfamethoxazole tablets. 
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Table 111-Disintegration Rates of Sulfamethoxazole Tablets 
Containing 3% of Various Grades of Carboxymethylcellulose 
Sodium 


Degree Degree Simulated Simulated 
of of Gastric Intestinal 


Grade Substitution Polymerization Fluid Fluid 


- Control - >I800 >I800 
IVH 0.4 High. 30 30 
IVM 0.4 Medium 90 300 
IVL 0.4 Low >I800 > 1800 
VIIH 0.7 High 90 600 
VIIM 0.7 Medium 100 900 
VIIL 0.7 Low >1800 > 1800 
IXH 0.9 High 100 900 
IXM 0.9 Medium >1800 >1800 
XIIM 1.2 Medium >I800 >I800 


carboxymethylcellulose sodium with a degree of substitution of 1.2 and 
a low degree of polymerization would be a poor disintegrating agent. The 
results are summarized as follows: 


1. The highly polymerized grades of carboxymethylcellulose sodium 
are good disintegrating agents. The preferred disintegrant has a high 
degree of polymerization together with a low degree of substitution. Type 
IVH is preferred over VIIH, which is preferred over IXH (Fig. 1). 


2. The medium-polymerized carboxymethylcellulose sodium with a 
degree of substitution of 0.7 or less has moderate disintegrant properties; 
but as substitution increases from 0.7 to 1.2, the medium-polymerized 
grades of carboxymethylcellulose sodium are not as effective as tablet 
disintegrants. Thus, medium-viscosity carboxymethylcellulose sodium 
with a degree of substitution of 0.4 or 0.7 has moderate disintegrant 
properties. Those with a higher degree of substitution, such as 0.9 or 1.2, 
are poor disintegrants (Fig. 2). Highly substituted carboxymethylcellulose 
sodium can only be used as a disintegrant when the degree of polymer- 
ization is high. 


3. With the same degree of substitution, the higher the degree of 
polymerization, the better are the disintegrant properties. The disinte- 
grant efficacy improves directly with an increase in polymerization. Thus, 
VIIH is a better disintegrant than VIIM, which is better than VIIL (Fig. 
3) .  


4. Carboxymethylcellulose sodium with a low degree of polymerization 
is a poor disintegrant irrespective of the degree of substitution. Thus, 
low-viscosity carboxymethylcelluloses with degree of substitution values 
of 0.4,0.7,0.9, and 1.2 are poor disintegrating agents. 


5. The dissolution rate of the sulfamethoxazole tablets correlated with 


Table IV-Minimum Viscosities for Good Disintegration 
Properties 


Degree of 
Substitution 


Minimum 
Viscosity of 
2% Aqueous 


Dispersion at 
25O Using 


Propeller-Type 
Mixer, cps 


0.4 
0.7 
0.9 
1.2 


>150 
> 200 


>I500 
>3000 


the disintegration times of the tablets. 
6. There was no significant difference in disintegration time and in 


dissolution rate between the two experimental formulas. 
The minimum viscosity required for effective disintegration properties 


for the various grades of carboxymethylcellulose sodium is shown in Table 
IV. Aqueous dispersions of carboxymethylcellulose sodium with a degree 
of substitution of 0.4 should have a viscosity above 150 cps to have good 
disintegration properties. Similarly, the higher substituted carboxy- 
methylcellulose sodium should meet the requirements for minimum 
viscosities to be considered a good disintegrant. Whenever a high degree 
of polymerization is mentioned, the viscosity will be much greater than 
the minimum stated in Table IV. Carboxymethylcellulose sodium with 
a low degree of polymerization will exhibit viscosities less than the min- 
imum value in Table IV. 


Further studies are in progress to evaluate the effect of carboxy- 
methylcellulose sodium in solid dosage forms for: (a )  disintegrants in 
tablets containing weak acids, weak bases, or neutral drugs; ( b )  com- 
parisons with other presently available disintegrants; and (c) alteration 
of drug delivery systems through the utilization of the appropriate 
grade. 
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Abstract 0 A die with a flexible wall was constructed and evaluated on 
a specially modified instrumented rotary tablet press. The design permits 
an inward deflection of the die wall by a side punch, which rolls past a 
side compression roll during compression-decompression. The side 
compression roll is instrumented to monitor the applied side compression 
roll forces. On decompression, return of the die wall to its original position 
permits release of residual die wall pressure. The decreased residual die 
wall pressure can decrease fracture and capping of tablets for problem 
formulations. The performance was tested on three experimental for- 
mulations. For these formulations, tablets made in a conventional die 
exhibited severe capping problems. However, most tablets compressed 
in the special die were superior. With proper adjustment of punch and 


die wall compression forces, excellent table& could be manufactured. The 
merits of the special die and modified tablet machine are substantiated, 
although this initial design did not provide adequate die wall pressure 
for all formulations. Further engineering efforts could result in practical 
production equipment. 


Keyphrases 0 Tableting machine-tablets produced from modified 
tableting machine with flexible die wall compared with those compressed 
conventionally 0 Tablets--compressed with modified tableting machine 
compared with those conventionally compressed 0 Compressed tab- 
lets-produced from modified tableting machine with flexible die wall, 
compared with tablets produced conventionally 


It is generally accepted that bonding in a compressed 
tablet is the result of establishing and maintaining suffi- 
cient true areas of contact between particles. Lamination 


or capping of tablets, therefore, may seem unexplained 
since significant portions of a laminated or capped tablet 
remain densely packed after compression-decompression. 
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Table 111-Disintegration Rates of Sulfamethoxazole Tablets 
Containing 3% of Various Grades of Carboxymethylcellulose 
Sodium 


Degree Degree Simulated Simulated 
of of Gastric Intestinal 


Grade Substitution Polymerization Fluid Fluid 


- Control - >I800 >I800 
IVH 0.4 High. 30 30 
IVM 0.4 Medium 90 300 
IVL 0.4 Low >I800 > 1800 
VIIH 0.7 High 90 600 
VIIM 0.7 Medium 100 900 
VIIL 0.7 Low >1800 > 1800 
IXH 0.9 High 100 900 
IXM 0.9 Medium >1800 >1800 
XIIM 1.2 Medium >I800 >I800 


carboxymethylcellulose sodium with a degree of substitution of 1.2 and 
a low degree of polymerization would be a poor disintegrating agent. The 
results are summarized as follows: 


1. The highly polymerized grades of carboxymethylcellulose sodium 
are good disintegrating agents. The preferred disintegrant has a high 
degree of polymerization together with a low degree of substitution. Type 
IVH is preferred over VIIH, which is preferred over IXH (Fig. 1). 


2. The medium-polymerized carboxymethylcellulose sodium with a 
degree of substitution of 0.7 or less has moderate disintegrant properties; 
but as substitution increases from 0.7 to 1.2, the medium-polymerized 
grades of carboxymethylcellulose sodium are not as effective as tablet 
disintegrants. Thus, medium-viscosity carboxymethylcellulose sodium 
with a degree of substitution of 0.4 or 0.7 has moderate disintegrant 
properties. Those with a higher degree of substitution, such as 0.9 or 1.2, 
are poor disintegrants (Fig. 2). Highly substituted carboxymethylcellulose 
sodium can only be used as a disintegrant when the degree of polymer- 
ization is high. 


3. With the same degree of substitution, the higher the degree of 
polymerization, the better are the disintegrant properties. The disinte- 
grant efficacy improves directly with an increase in polymerization. Thus, 
VIIH is a better disintegrant than VIIM, which is better than VIIL (Fig. 
3) .  


4. Carboxymethylcellulose sodium with a low degree of polymerization 
is a poor disintegrant irrespective of the degree of substitution. Thus, 
low-viscosity carboxymethylcelluloses with degree of substitution values 
of 0.4,0.7,0.9, and 1.2 are poor disintegrating agents. 


5. The dissolution rate of the sulfamethoxazole tablets correlated with 


Table IV-Minimum Viscosities for Good Disintegration 
Properties 


Degree of 
Substitution 


Minimum 
Viscosity of 
2% Aqueous 


Dispersion at 
25O Using 


Propeller-Type 
Mixer, cps 


0.4 
0.7 
0.9 
1.2 


>150 
> 200 


>I500 
>3000 


the disintegration times of the tablets. 
6. There was no significant difference in disintegration time and in 


dissolution rate between the two experimental formulas. 
The minimum viscosity required for effective disintegration properties 


for the various grades of carboxymethylcellulose sodium is shown in Table 
IV. Aqueous dispersions of carboxymethylcellulose sodium with a degree 
of substitution of 0.4 should have a viscosity above 150 cps to have good 
disintegration properties. Similarly, the higher substituted carboxy- 
methylcellulose sodium should meet the requirements for minimum 
viscosities to be considered a good disintegrant. Whenever a high degree 
of polymerization is mentioned, the viscosity will be much greater than 
the minimum stated in Table IV. Carboxymethylcellulose sodium with 
a low degree of polymerization will exhibit viscosities less than the min- 
imum value in Table IV. 


Further studies are in progress to evaluate the effect of carboxy- 
methylcellulose sodium in solid dosage forms for: (a )  disintegrants in 
tablets containing weak acids, weak bases, or neutral drugs; ( b )  com- 
parisons with other presently available disintegrants; and (c) alteration 
of drug delivery systems through the utilization of the appropriate 
grade. 
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Abstract 0 A die with a flexible wall was constructed and evaluated on 
a specially modified instrumented rotary tablet press. The design permits 
an inward deflection of the die wall by a side punch, which rolls past a 
side compression roll during compression-decompression. The side 
compression roll is instrumented to monitor the applied side compression 
roll forces. On decompression, return of the die wall to its original position 
permits release of residual die wall pressure. The decreased residual die 
wall pressure can decrease fracture and capping of tablets for problem 
formulations. The performance was tested on three experimental for- 
mulations. For these formulations, tablets made in a conventional die 
exhibited severe capping problems. However, most tablets compressed 
in the special die were superior. With proper adjustment of punch and 


die wall compression forces, excellent table& could be manufactured. The 
merits of the special die and modified tablet machine are substantiated, 
although this initial design did not provide adequate die wall pressure 
for all formulations. Further engineering efforts could result in practical 
production equipment. 


Keyphrases 0 Tableting machine-tablets produced from modified 
tableting machine with flexible die wall compared with those compressed 
conventionally 0 Tablets--compressed with modified tableting machine 
compared with those conventionally compressed 0 Compressed tab- 
lets-produced from modified tableting machine with flexible die wall, 
compared with tablets produced conventionally 


It is generally accepted that bonding in a compressed 
tablet is the result of establishing and maintaining suffi- 
cient true areas of contact between particles. Lamination 


or capping of tablets, therefore, may seem unexplained 
since significant portions of a laminated or capped tablet 
remain densely packed after compression-decompression. 
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Figure 1-Schematic diagram of specially designed triaxial die. 


A sufficient true area of contact apparently is established 
in these regions to bond ingredients together, yet the 
bonding is not sufficient to prevent fracture. 


BACKGROUND 


Fracture is thought to be the result of inadequate plastic flow, resulting 
in highly stressed regions within the compact. A previous report (1) 
demonstrated that the die wall pressure for several materials is limited 
by the shear strength of the compacted material and that it changes with 
time (viscoelastic effects). Furthermore, it was concluded that the dy- 
namic shear strength is exceeded over much of the compression-de- 
compression cycle. When the shear strength is exceeded, either perma- 
nent deformation via plastic flow or fracture occurs. 


Fracture need not occur if plastic flow occurs before stresses are high 
enough to cause fracture by crack propagation. Very brittle materials such 
as phenacetin, methenamine, and acetaminophen cannot relieve local 
stresses as easily as other materials by plastic deformation. Since high 
die wall pressure results, fracture is more likely to occur in compacts of 
these materials. These fractures may occur on decompression or on 
ejection where the die edge may concentrate stress and cause capping. 


A decrease of die w d  pressure (either by allowing the die wall pressure 
to decay with time or by relieving the pressure mechanically) should 
denease the likelihood of fracture. A specially designed die was reported 
(2) that allowed the simultaneous release of punch and die wall pressure. 
The special square die, split along its diagonal, was placed in a frame 
holding the two halves together with a hydraulic cylinder. By fluid cou- 
p l i i  of this hydraulic cylinder with the cylinder on the hand press that 
pushes the punches together, the die wall and punch pressures could be 
reduced simultaneously during decompression. In this manner, intact 
compacta of materials known to laminate on decompression or ejection 
(e.g., phenacetin, erythromycin, methenamine, and acetaminophen) 
could be made. 


Success with this split die led to the circular die with the flexible die 
wall reported in this investigation. The die was mounted into a modified 
rotary press. A specially designed side compression roll (3) and side punch 
permit pressure to be applied to the die wall, which contracts under 
Compression. In this way, die wall pressure can be released as the die wall 
returns to ita original shape during decompression. Three direct-com- 
paction formulations were studied, and the capping tendencies of tablets 
formed in the special die were compared with those prepared in a con- 
ventional die on the same machine. 


A p p a r a t u e T h e  special die is shown in cross-section in Fig. 1. The 
internal wall of the die, 1, is lined and defined by a sleeve, 2, made of thin 
steel to provide slight radial flexibility. The sleeve is surrounded by a 
pressure-transmitting material, 3, such as rubber, which evenly distrib- 
utes pressure around the sleeve. Application of pressure through the side 
punch, 4, permits a slight (one thousandth or two thousandth inch) in- 
ward deflection of the steel sleeve. Proper timing of the movement of the 
radial punch and axial punches, 5 and 6, permit the simultaneous 
three-dimensional or triaxid compression of powders. Release of the side 
punch pressure, which is simultaneous with axial punch pressure release, 
permits the steel sleeve to return to its original position. 


The side compression roll, 7, and mounting block are shown attached 
to the rotary press in Fig. 2. The side compression roll is positioned such 
that pressure is applied simultaneously to the upper, lower, and side 
punches by the upper, 8, lower, 9, and side compression roll. Appropriate 
measures were taken to prevent overloading of the machine parts due 
to the excessive stress conditions. Side compression roll pressure was 


Figure %-Schematic diagram of modified rotary press showing details 
of the side compression roll. 


adjusted by incorporating two springs, 10, and adjusting nuts, 11, which 
apply pressure to each end of the side compression roll pin, 12. Strain- 
gauge sensors, 13, permit monitoring of the side compression force. Ad- 
justable stops incorporated within the mounting block prevent applica- 
tion of excess pressure to the side punch when the die is empty. 


The modified rotary press' is shown in Fig. 3. For the following ex- 
periments, only two of the 16 stations were used. One station consisted 
of a set of round 1.111-cm ("/16-in.) concave (0.075-cm deep cup) punches 
and die. On the opposite side of the table was the specially designed die. 
Similar round 1.106-cm (7/16-in.) concave punches were used in the special 
die. These punch diameters were reduced by 0.005 cm to allow enough 
clearance between the collapsed die wall and the punch during com- 
pression. The two types of tablets can be separated as they come off the 
machine, and direct comparisons can be made between them. 


The axial punch pressure was monitored by a strain gauge attached 
to the lower roll support and calibrated with a known load. During op- 
eration, all three strain gauges were monitored so that the compression 
forces were known for both die types and the die wall-punch forces were 
known for the triaxial die. 


Limitations in Design-Technical requirements placed important 
restrictions on the design and construction of the special die, particularly 
in the amount of die wall pressure that could be released by die wall 
flexing. Maximum flexing of the die wall on compression is desired to 
allow adequate die wall pressure release on decompression. However, the 
contraction of the die wall radius is limited by the upper and lower 
punches in the die. At the same time, an excessive gap between the punch 
and die wall is not acceptable since large weight variation due to powder 
slipping past the lower punch might occur. 


Excessive powder between the punch and die wall also could cause 
sticking of the punches in the die and failure of the die wall to contract 
correctly. For these reasons, the punch diameters for the triaxid die were 


Model B2, F. J. Stokes Corp., Division of Pennwalt Corp., Philadelphia, Pa. 
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Table I-Composition of the Three Direct-Compression 
Formulations Used to  Test the Modified Rotary Tablet Machine 


Formulation Composition, % 


Ascorbic acid 
Ascorbic acid USP 
Compressible sugar NF 
Microcrystalline cellulose NF 
Starch USP 
Orange oil NF 
Magnesium stearate USP 
Colloidal silicon dioxide NF 


Phenacetin USP 
Compressible sugar NF 
Microcrystalline cellulose NF 
Starch USP 
Magnesium stearate USP 
Colloidal silicon dioxide NF 


Acetaminophen 
Acetaminophen 
Lactose USP 
Microcrystalline cellulose NF 
Starch USP 
Colloidal silicon dioxide NF 


Phenacetin 


42.9 
46.3 
4.2 
2.5 -. . 


2.6 
0.8 
0.7 


42.9 
46.3 
4.2 
5.1 
0.8 
0.7 


41.4 
47.4 
8.4 
2.2 
0.12 


FD&C Blue No. 2 Aluminum Lake 0.04 
Magnesium stearate USP 0.44 


reduced by 0.005 cm to permit this amount of flexing of the die wall. It 
was felt that this change would provide sufficient die wall radius con- 
traction and, at the same time, minimize the amount of powder slipping 
past the lower punch. This limited flexibility of the special die, unlike 
the split die that allows complete release of the die wall pressure, is ex- 
pected to release only a portion of the residual die wall pressure during 
decompression. 


The present design requires enough side compression roll pressure to 
flex the steel die wall sleeve inward; therefore, the actual force applied 
to the compact is not equal to the side compression roll force. However, 
the observed values for the side compression roll force should be ap- 
proximately proportional to the actual applied force in the radial direc- 
tion. The efficiency of the pressure-transmitting material within the die 
at transferring the pressure from the side punch to the die wall and the 
elastic properties of the compression roll and mounting block also in- 
fluence the actual pressure applied to the die wall. 


Only one design, the initial effort, was used in these studies. Because 
the force for die wall contraction in the presence of powder in the die and 
of small amounts of powder between the die wall and punch could not 
be evaluated in advance, the choice of spring sizes and load cells for the 
die compression was conjecture. The experimental results indicate that 
the springs and load cells were somewhat undersize, which restricted the 
amount of die wall pressure that could be applied. Some of the experi- 
mental results may have been due to this limitation. This limitation re- 
sults from the arbitrary choice of capacities and is not inherent in the 
application of the principle. 


EXPERIMENTAL 


Materials-Ascorbic acid USP2, phenacetin USP3 (passed through 
a No. 64 tensile bolting cloth), and acetaminophen4 were used as the 
primary ingredient in each formulation. Other excipients included mi- 
crocrystalline cellulose NF5, colloidal silicon dioxide NF6, starch USP7 
(cornstarch passed through a No. 105 tensile bolting cloth), compressible 
sugar NFs, FD&C Blue No. 2 Aluminum Lakes, lactose USP’O (hydrous 
spray process), and orange oil NF”. Magnesium stearate USP powder, 
food grade12, was used as a lubricant. 


Methods-Three direct-compression formulations were prepared as 
shown in Table I. The ascorbic acid and phenacetin formulations were 


~~ ~ 


Pfizer, New York, N.Y. 
Monsanto Co., St. Louis, Mo. 
Eastman Chemical Products, Kingsport, Tenn. 


6 Avicel PH-101, FMC Corp., Marcus Hook, Pa. 
8 Cabot Corp., Cab-0-Sil Division, Boston, Mass. 


Morrison and Watkins, West Bloomfield, Mich. * DiPac, Amstar Corp., New York, N.Y. 
9 Colorcon, West Point, Pa. 


lo Foremost Foods Co., San Francisco, Calif. 
l1 International Flavors and Fragrances, New York, N.Y. 
l2 Mallinckrodt, Lodi, N.J. 


Figure 3-Modified rotary tablet press with triaxial decompression 
capability. 


similar and were prepared in the following manner. All ingredients except 
magnesium stearate were passed through a 20-mesh screen and blended 
in a V-blender for 10 min. Subsequently, a portion of this blend was 
passed through a 20-mesh screen with the magnesium stearate, and all 
powder was mixed for an additional 2 min. The acetaminophen formu- 
lation was prepared by blending, in a V-blender, a portion of a 75% 
acetaminophen-25% spray-dried lactose mixture with an appropriate 
amount of a blend of the remaining ingredients to obtain the desired 
percentage of acetaminophen. 


These formulations were prepared to study differences in capping 
tendencies between conventionally compressed (uniaxially compressed) 
tablets and tablets compressed in the special triaxial compression die. 
Other properties such as disintegration and dissolution were not evalu- 
ated. 


The primary means of assessing capping tendency was visual inspection 
of each tablet after the hardness test. Breaking strengths were obtained 
on at  least five tablets using an electronic hardness tester13. Tablets 
classified as “capped” normally had the entire intact dome separated 
from the body of the tablet. Tablets that did not cap in the hardness tester 
were inspected and broken by hand to check for laminations. Tablets 
classified as “not capped” had no visible laminations. FriabilityI4 was 
determined occasionally but often did not adequately distinguish between 
capped and noncapped tablets when only small fracture lines were 
present. 


The direct-compression formulations were compressed at  various 
punch and side compression roll forces. Normal operation speed was 24.5 
rpm, although one formulation was done at  31.5 rpm. Before operation 
of the tablet machine, sufficient material was added to fill the feed frame 
(50-100 g). Normal operation time was 30-60 sec at  each die wall and 
punch pressure setting. This procedure produced -25-50 tablets; half 


l3  Heberlein and Co., AG, Zurich, Switzerland. 
Chemical and Pharmaceutical Industry Co., New York, N.Y. 
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Table 11-Comparison of Tablets from Uniaxial Die and Triaxial Die @ Ascorbic Acid Formulation 


Side Uniaxial Die Triaxial Die 
Punch Compression Breaking Percent of Friability, Breaking Percent of Friability, 


kN kN N x lo-' Capped weight lost N x 10-l Capped weight lost 
Force, Roll Force, Strength, Tablets % of Strength, Tablets % of 


4.2 
4.2 


3.3 
- 


100 
100 


100 
- 


6.0 80 - 
4.3 100 - 
6.0 50 3.4 
5.3 20 0.79 


Machine speed at 31.5 rpm. 


Table 111-Comparison of Tablets from Uniaxial Die and Triaxial Die Phenacetin Formulation 


Side Uniaxial Die Triaxial Die 
Punch Compression Breaking Percent of Friability, Breaking % of Friability, 


kN kN N x lo-' Capped weight lost N x lo-' Capped weight lost 
Force, Roll Force, Strength, Tablets % of Strength, Tablets ?k of 


13.0 16.1 4.8 100 - 4.5 
13.2 19.4 3.3 100 - 5.0 
12.4 22.7 3.8 100 - 5.3 
12.0 26.1 3.6 100 - 4.8 
18.2 26.3 6.2 100 - 6.6 
23.2 16.2 5.5 100 - 5.0 


0 2.8 
0 2.1 
0 3.8 
0 1.7 


80 - 
100 - 


Machine speed at 24.5 rpm. 


Table IV-Comparison of Tablets from Uniaxial Die and Triaxial Die @ Acetaminophen Formulation 


Side Uniaxial Die Triaxial Die 
Punch Compression Breaking Percent of Friability, Breaking Percent of Friability, 


Tablets Force, Roll Force, Strength, Tablets % of Strength, 
kN kN N x 10-1 Capped weight lost N x 10-1 Capped weight lost 


11.0 26.0 2.8 100 - 2.4 20 
15.8 26.0 4.6 100 - 5.0 0 
21.2 26.1 5.2 100 - 5.0 100 - 


% of 


- 
- 


Machine speed at 24.5 rpm. 


Table V-Comparison of Tablets from Uniaxial Die and Triaxial Die @ Ascorbic Acid Formulation 


Side Uniaxial Die Triaxial Die 
Punch Compression Breaking Percent of Friability, Breaking Percent of Friability, 


kN kN N x 10-1 Capped weight lost N x lo-' Capped weight lost 
Force, Roll Force, Strength, Tablets % of Strength, Tablets % of 


18.9 
19.7 
21.7 


16.7 
11.3 
15.6 


23.3 18.8 
23.7 16.5 
23.8 14.2 
24.4 
25.2 


18.9 
14.2 


1.6 100 
4.3 20 
4.4 100 
3.0 100 
4.2 100 
4.3 100 ~~ 


4.2 100 
3.5 100 


- 3.6 
- 5.7 
- 6.4 
loo* 5.1 


5.5 
- 6.1 
- 6.2 


loo* 5.5 


- 


0 1.5 
0 
0 
0 0.93 
0 0.92 
0 
0 
0 0.98 


- 
- 


- 
- 


a Machine speed at 24.5 rpm. * Capped. 


were compressed in the standard die, and the other half were compressed 
in the triaxial die. The triaxially compressed tablets were marked with 
a felt pen as they came off the press to distinguish them from the uniax- 
idly compressed tablets. Tablet weights, breaking strengths, and capping 
tendencies were checked immediately after completion of the run. Punch 
forces were set to ensure breaking strengths between 30 and 70 N, de- 
pending on the specific formulation. 


RESULTS 


The results for three test formulations are shown in Tables 11-V. These 
formulations showed a substantial difference between the uniaxially and 
triaxially compressed tablets. Several other formulations showed no 
capping or laminations for either kind of tablet. Two test formulations 
(containing materials known to induce capping) were tested in which both 
the triaxially and the uniaxially compressed tablets capped. Even with 
inadequate die wall pressure relief, the triaxially compressed tablets were 
at least as good as the uniaxially compressed ones. With some materials, 
adequate die wall pressure relief made the differences very dramatic: good 
tablets from the triaxial die and laminated ones from the uniaxial die. 


The punch and side compression roll load cell outputs were monitored 


throughout each experiment. The punch force was obtained by multi- 
plying the voltage output of the strain gauge by an experimentally de- 
termined calibration constant. This punch force was the same for both 
the uniaxially and triaxially compressed tablets under any given set of 
conditions. The side compression roll force is the sum of the calculated 
applied forces of the upper and lower load cells and was adjusted before 
each run to ensure even pressure on the side compression roll. 


The average breaking strength of the tablets and the percentage of 
tablets that had visible laminations upon breaking were recorded. Fria- 
bility is reported either as the percentage of the tablets that capped in 
the friabilator or as the percentage of the original weight lost after 4 min. 
All tablets were compressed at a speed of 24.5 rpm, except for the ascorbic 
acid tablets (Table 11) which were made a t  31.5 rpm. 


DISCUSSION 


The results in Tables 11-V demonstrate the differences in capping 
tendency between the uniaxially compressed and triaxially compressed 
tablets. Proper adjustment of the punch and side compression roll force 
generally resulted in triaxially compressed tablets that were superior to 
those compressed in the standard die. 


616 1 Journal of Pharmaceutical Sciences 
Vol. 70, No. 6, June 1981 







The results for the ascorbic acid formulation (Table 11) were obtained 
at a relatively constant punch force (24.4-25.5 kN) while the side com- 
pression roll force was varied. The uniaxially compressed tablets capped 
100% of the time. With adequate die wall compression, the triaxially 
compressed tablets showed substantial improvement in quality, both in 
breaking strength and capping tendency. At lower side compression roll 
forces, the triaxially compressed tablets approached the poorer quality 
of the uniaxially compressed ones. 


Apparently, as the side compression roll force increased, greater de- 
flection of the triaxial die wall occurred. This deflection allowed greater 
release of die wall pressure on decompression and better relief of accu- 
mulated stresses. A t  lower side compression roll forces, less die wall de- 
flection tended to produce tablets similar to the uniaxially compressed 
tablets. An apparent minimum side compression roll force is probably 
necessary for sufficient die wall deflection and adequate die wall pressure 
release. This minimum side compression roll force has to overcome the 
resistance of the die wall sleeve to deformation as well as any frictional 
resistances within the system. The applied punch pressure and the 
physical properties of the powders in the formulation (i.e., tensile 
strength, shear strength, brittle fracture propensity, stress relaxation rate, 
etc . )  also influence the minimum side compression roll force necessary 
to eliminate capping. 


Similar success was obtained (Le., superior tablets) in the triaxial die 
for the phenacetin formulation (Table HI). A t  moderate punch forces 
(12.0-13.0 kN), tablets compressed triaxially were obtained that showed 
no capping and that had tablet breaking strengths of 45-53 N. At  this 
compression force, a range of side compression roll forces (16.1-26.1 kN) 
produced acceptable tablets. Conversely, the tablets compressed in the 
standard die showed a severe capping tendency, with some tablets 
capping upon ejection from the die. All uniaxially compressed tablets 
showed laminations that would make them unacceptable for production 
purposes. At higher punch forces, adequate release of residual die wall 
pressure could not be attained even with the maximum available com- 
pression roll force of 26.3 kN (i.e., the design limitation), and the triaxially 
compressed tablets began to show capping. 


The acetaminophen formulation (Table IV) showed the effect of 
varying the punch force without altering the side compression roll force. 
Only compressions at  three punch forces were done, but differences be- 
tween the tablets from the two dies were seen. Only at  the high punch 
force was the quality of the triaxially compressed tablets reduced to be- 
come comparable to the uniaxially compressed tablets, i.e., they showed 
excessive capping. Higher side compression roll force may have decreased 
capping in the triaxial die a t  the highest pressure, but this machine was 
incapable of such high forces. However, correct adjustment of the punch 
and side compression roll forces produced excellent tablets from the 
triaxial die. 


The influence of machine speed on capping tendency can be seen by 
comparing the results for the ascorbic acid formulation in Tables I1 and 
V. A 30% increase in the machine speed changed the properties of both 
tablets. Uniaxially compressed tablets were of poor quality at both speeds. 
Although the triaxially compressed tablets were, in general, superior to 
the uniaxially compressed tablets a t  both rotation speeds, the triaxially 
compressed tablets showed evidence of capping at  the higher speed. At  
the lower speed, a wide range of punch and side compression roll forces 
produced excellent tablets from the triaxial die (Table V). At the higher 
speed, capping was not eliminated completely with this material even 
at the maximum available side compression roll force, due perhaps in part 
to the time-dependent nature of stress relaxation. 


The time-dependent nature of stress relaxation is an important 
mechanism of stress relief a t  the higher speed even in the triaxial die 
unless the stress relief rate of the punch and die wall is matched to min- 
imize internal stress. Apparently, the longer time that the tablet spent 
in the die at the slower rotation speed allowed greater stress relief due 
to plastic flow within the compact. The large difference in the quality of 
the uniaxially and triaxially compressed tablets made at  the lower speed 
shows that mechanical release of some die wall pressure by the triaxial 
die improves the tablet quality. At the higher speed, the mechanical re- 
lease of the die wall pressure in the triaxial die was not sufficient by itself 
to eliminate capping. Future machines should have increased capacity 
and thus be capable of applying larger die wall forces, which would permit 
greater latitudes in the die wall forces applied. In this way, more die wall 
pressure could be released when the formulation and compression 
characteristics warrant it. 


SUMMARY 


These preliminary investigations show that the mechanical release of 
die wall pressure, using a specially designed die with a flexible die wall, 
decreases or eliminates capping in three direct-compression formulations 
when compared to the same formulation compressed in a standard die. 
Correct adjustment of the applied side compression roll force and punch 
pressure allows sufficient release of residual die wall pressure on de- 
compression to prevent or diminish capping due to the excessive stress 
concentrations within the compact during decompression or ejection. The 
force required for the side compression roll and for success in eliminating 
capping during decompression or ejection is dependent on the physical 
properties of the formulation, the applied punch pressure, the viscoelastic 
properties of the formulation materials, and the efficiency with which 
the applied force from the side compression roll is transmitted to the die 
wall. 


This preliminary report (an outgrowth of the principles developed from 
basic research on the physical properties of materials) demonstrates the 
feasibility of designing and constructing equipment for the successful 
manufacture of otherwise troublesome formulations. This design offers 
the advantages of simultaneous and more uniform release of residual die 
wall pressure, as well as the capability of adjusting the pressure applied 
to the die wall. Further engineering efforts can result in practical pro- 
duction equipment design and utilization. 
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Abstract Carbamazepine and cyheptamide have certain stereo- 
chemical features in common with phenytoin; when superimposed, two 
bulky hydrophobic groups in each permit the approximate apposition 
of two electron donor atoms. The anticonvulsant activity of each com- 
pound was determined in mice using a standard maximal electroshock 
procedure, and the relative potencies are expressed in terms of the blood 
and brain concentrations as well as the intraperitoneal dosage. Although 
cyheptamide was much less potent than carbamazepine or phenytoin on 
the basis of intraperitoneal dosage, the difference in potency was much 
less when blood or brain concentrations were compared. These data 
should be of value for quantitative structure-activity relationship 
studies. 


Keyphrases Carbamazepine-anticonvulsant activity, intraperitoneal 
dosage, blood and brain concentrations Cyheptamide-anticonvlsant 
activity, intraperitoneal dosage, blood and brain concentrations 0 
Phenytoin-anticonvulsant activity, intraperitoneal dosage, blood and 
brain concentrations 0 Anticonvulsant activity-carbamazepine, cy- 
heptamide, phenytoin, blood and brain concentrations 0 Structure- 
activity relationships-carbamazepine, cyheptamide, and phenytoin 
compared for anticonvulsant activity 


A stereochemical basis of anticonvulsant drug action was 
described (1-5) for various chemically unrelated molecules. 
When brought into apposition, it becomes apparent that 
molecules as chemically unrelated as phenytoin (I) and 
diazepam not only have bulky hydrophobic groups with 
similar orientations in space but also have electron-do- 
nating groups in similar spatial positions. By using 
space-filling and Dreiding stereomodels, it can be seen that 
carbamazepine (11) and cyheptamide (111) (l0,ll-dihy- 
dro-5H-dibenzo[a,d]cycloheptene-5-carboxamide) also 
bear obvious structural similarities to phenytoin. The two 
phenyl rings in each, when approximately superimposed, 
permit the reasonable apposition of a carbonyl oxygen as 
well as a second electron donor, the imide nitrogen in 
phenytoin and the amide nitrogen in carbamazepine and 
cyheptamide. 


Although several reports (6-8) have dealt with the 
pharmacological properties of cyheptamide, the proce- 
dures employed do not permit direct comparison of its 
anticonvulsant activity with that of carbamazepine, 
phenytoin, and other structurally related anticonvulsants. 
The present investigation presents such data for com- 
parative purposes. In a preliminary experiment, the ED50 
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of cyheptamide after intraperitoneal administration was 
81.0 mg/kg (based on a maximal electroshock technique). 
According to Krall et al. (9), this value would represent a 
potential antiepileptic worthy of further study. Therefore, 
the relative potencies of cyheptamide, carbamazepine, and 
phenytoin were determined with respect to blood and 
brain concentrations in addition to intraperitoneal dosage. 
The results should be of value in quantitative structure- 
activity analysis involving the particular class of com- 
pounds known to conform to the previously mentioned 
stereochemistry . 


EXPERIMENTAL 


Male CF1 mice', 30-32 days old when received, were allowed to accli- 
mate for several days after possible food and water deprivation during 
transportation. They were permitted food and water ad libitum except 
during the short time when removed from their cages for testing. 


Carbamazepine2 and phenytoin sodium3 were suspended in 30% 
aqueous polyethylene glycol 400, and cyheptamide4 was suspended in 
5% gum acacia. The suspensions were sonicated for -5 min to produce 
a fine suspension. The drugs were administered intraperitoneally (0.01 
ml/g) to mice weighing an average of 22 g. 


Each compound was assayed at  the time of its peak anticonvulsant 
effect. A maximal electroshock (MES) test (10) was employed for the peak 
time determinations as well as for subsequent dose-response experi- 
ments. Briefly, this test is a measure of the ability of a drug to abolish the 
hindlimb extensor component of the seizure pattern induced by a 60-Hz 
alternating current of 50 mamp delivered for 0.2 sec uia corneal elec- 
trodes. The animal was restrained only by hand and was released at the 
moment of stimulation to permit observation of the seizure throughout 
its entire course. Protection against the extensor component beyond a 
90' angle with the trunk was required for an anticonvulsant effect to be 
registered. An approximate EDw of the drug to be tested was given to 
groups of five mice, and the maximal electroshock test was performed 
15 min after administration and at  30-min intervals thereafter until the 
time of peak effect had obviously passed (indicated by fewer animals 
being protected than a t  an earlier time). All subsequent dose-response 
determinations were based on assays of the drug at its established peak 
time. 


Immediately after the maximal electroshock test, 100 pl of blood was 
collected in 2% sodium fluoride and the animal was decapitated. The 
entire brain was removed and blotted on filter paper, and the specimens 
(including blood) were stored at  -80° until they were assayed. Blood and 
brains from 10 mice were pooled for each dose, and at least five doses were 
employed for each drug. 


The blood and brain concentrations for each phenytoin dose were as- 
sayed by GLC with 5-@-methylphenyl)-5-phenylhydantoin as an internal 
standard. The blood and homogenized whole brain specimens were sat- 
urated with ammonium sulfate, acidified, and extracted with toluene. 
The toluene layer was separated and back-extracted with tetramethyl- 
ammonium hydroxide according to the procedure of Johnson et al. (11). 
The samples were analyzed on 3% OV-17 on 80-100-mesh Supelcoport 
a t  230" and detected by flame ionization (injector port and detector 
temperature 300O). 


Carbamazepine was extracted from alkalinized blood and homogenized 
whole brain specimens by n-butyl chloride. The n-butyl chloride was 


1 From Charles River Breeding Laboratories. 
Geigy Pharmaceuticals. 
Warner-Lambert Co. 
Pierce Chemical Co. 
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Table I-Anti-Maximal Electroshock Potencies of Phenytoin, 
Carbamazepine, and Cyheptamide 


Carba- 
EDSO' Phenytoin mazepine Cyheptamide 


99.9. 


99. 


90. 


7 0 .  


50 


30. 


10. 


1 .  


~~~~ 


Intraperitoneal, 7.1 (6.5-7.8) 9.7 (8.5-11.0) 81.0 (52.0-127.0) 


Blood, pglml 2.2 (1.8-2.8) 2.4 (2.2-2.7) 5.5 (3.9-7.8) 
mg/kg 


Brain, wg/g 5.3 (4.7-5.9) 4.9 (4.1-5.7) 8.9 (7.5-10.6) 


A 


a The ED50 values are listed with 95% confidence intervals in parenthesis. 
Potencies are expressed in terms of the intraperitoneal dose and blood and brain 
concentrations. 


evaporated to dryness, and the residue was derivatized with pentafluo- 
robenzoyl chloride to increase sensitivity by electron capture. 10- 
Methoxycarbamazepine was added as an internal standard. The samples 
were analyzed by the method described by Schwertner et al. (12). 


Cyheptamide was extracted from blood and brain specimens in the 
manner described for carbamazepine. The n-butyl chloride was evapo- 
rated to dryness and reconstituted in 50 pl of chloroform. Carbamazepine 
was used as an internal standard. The analysis was performed on 3% 
OV-17 on 80-100-mesh Supelcoport at 250° and detected by flame ion- 
ization (injector port temperature 270' and detector temperature 300'). 
A typical chromatogram for cyheptamide extracted from brain tissue is 
depicted in Fig. 1. 


The anticonvulsant data were evaluated with 95% confidence limits 
by the statistical method of Litchfield and Wilcoxon (13). The relative 
anticonvulsant potencies (EDw) are expressed in terms of the blood and 
brain concentrations as well as the intraperitoneal dosage. 


RESULTS AND DISCUSSION 


The comparative times of peak anticonvulsant effect of carbamazepine, 
cyheptamide, and phenytoin were -30, 45, and 60 min, respectively. 
Although the anti-maximal electroshock potency of carbamazepine was 
similar to that of phenytoin, the potency of cyheptamide was considerably 
less (Table I and Fig. 2). The dose of cyheptamide necessary to protect 
50% of the mice from tonic hindlimb extension (EDw) was 81.0 mg/kg 
(95% confidence limits of 52.0-127.0), expressed as the intraperitoneal 
dose. The respective ED50 values (95% confidence limits) for carbamaz- 
epine and phenytoin were 9.7 (8.5-11.0) and 7.1 (6.5-7.8) mg/kg, re- 
spectively (Table I). However, when the blood and brain concentrations 
of the three drugs were compared, the relative potencies were not that 


CYHEPTAMIOE 


y CARBAMAZEPINE 


Figure 1-Gas-liquid chromato- 
gram of cyheptamide from brain 
extract. The internal standard was 
carbamazepine. 
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Figure 2-Log dose-response curves for phenytoin, carbamazepine, 
and cyheptamide expressed in terms of the intraperitoneal dosage (A), 
blood concentration (B), and brain concentration (C). 


dissimilar. Cyheptamide again was the least potent (Table I). But the 
potency ratio (95% confidence limits) of cyheptamide to phenytoin, 11.4 
(7.3-17.9) on a milligram per kilogram basis, was only 2.5 (1.6-3.8) when 
blood concentrations (micrograms per milliliter) were compared. When 
brain concentrations (micrograms per gram) were compared, the ratio 
was even less, 1.7 (1.4-2.1). In the comparison of cyheptamide to car- 
bamazepine, the ratios were 8.3 (6.1-11.6) on a milligram per kilogram 
basis, 2.3 (1.7-2.9) for blood concentrations, and 1.8 (1.8-1.9) for brain 
concentrations. Phenytoin was only slightly more potent than carbam- 
azepine on a milligram per kilogram basis ( p  = 0.051, but the difference 
was not significant based on blood or brain concentrations. 


The large difference in the ED50 (intraperitoneal) for cyheptamide 
might be explained by its lipophilicity. Calculations of log P based upon 
hydrophobicity constants (14) produce an estimated partition coefficient 
of 5505 (log P = 2.74). The compound is so lipid soluble that it might not 
achieve the same aqueous dispersion as phenytoin or carbamazepine 
when given intraperitoneally; thus, absorption would be relatively less 
due to the smaller effective surface area to which the drug is exposed. The 
calculated partition coefficients5 for phenytoin and carbamazepine were 
fairly similar, 170 (logP = 2.23) and 151 (logP = 2.18), respectively. This 


5 Log P calculations: cyheptamide, from log P (CsH5)zCHz + 1/3a(cyclohexane) + a(CONH2) = 4.14 + 0.84 + (-2.24) = 2.74; carbamazepine, from log P 
(C6H&NCONHz + '/3K(C&) = 1.53 + 0.65 = 2.18; phenytoin, from log P (hy- 
dantoin) + 2n(CeHs) = -1.69 + 3.92 = 2.23. Note that the calculated log P for 
phenytoin is slightly different than the experimental value of 2.47 (14). Only cal- 
culated values were used to maintain consistency. 
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result may explain their similar potencies when their ED50 values are 
compared by any of the three criteria. 


An alternative explanation of the potency difference, also based on 
relative lipophilicities, might be the parabolic dependence of potency on 
hydrophobicity described by Penniston et al. (15) and McFarland (16). 
Although potency among various compounds is known to increase with 
increasing lipophilicity, there is frequently an optimum hydrophobicity 
beyond which potency actually decreases. A quantitative description of 
this phenomenon is expressed according to (17): 


1 
C 


log - = -k(log P)2 + k’ log P + k” (Eq. 1) 


Although various explanations might account for such behavior, the 
following concept is popular. A certain degree of lipophilicity is necessary 
so that molecules may “dissolve” in and penetrate the lipid matrix of 
membranes. However, extremely lipophilic substances may actually take 
up “residence” within the lipid matrix of the membrane. Each membrane 
interposed along the path a drug might follow to its receptor thus lessens 
the probability that the drug will reach the receptor. The greatest re- 
duction in such probability occurs a t  extreme values of the partition 
coefficient. Drugs with low partition coefficients may have difficulty 
entering the membrane, while those with high coefficients may not leave 
readily. Thus, the rather large increase in the partition coefficient of 
cyheptamide relative to phenytoin and carbamazepine might be re- 
sponsible for its significantly lower potency. Furthermore, it might be 
assumed that fewer membranes are interposed between the bulk drug 
concentrations and the receptors when drug activity is expressed in terms 
of brain concentrations than when expressed as the intraperitoneal dose 
or blood concentration. Therefore, the smaller potency ratios observed 
for the brain concentrations are likely an expression of the smaller dif- 
ference in probability permitted by fewer barriers separating the drug 
from its receptor. 


The higher brain to blood concentration ratio for phenytoin (2.4) in 
comparison with carbamazepine (2.0) might reflect its slightly more 
lipophilic character, but a greater binding of carbamazepine to plasma 
protein also might be involved. Because cyheptamide is the most lipo- 
philic of these compounds, its surprisingly low brain to blood ratio (1.6) 
is probably the result of substantial binding to plasma protein. 


Previous investigations of cyheptamide produced significantly lower 
potency estimates than the present data indicate. The probable expla- 
nation for this difference points to the problem many investigators have 
when correlating anticonvulsant structure with activity, namely, the 
failure to apply a uniform experimental model of epilepsy. In the earliest 
study (61, mice were subjected to a maximal electroshock procedure in 
which 30 mamp of 60-Hz current was applied for 0.2 sec via corneal 
electrodes. The ED50 value wae 25 f 1 mghg by the intraperitoneal route 
and 33 f 3.5 mgkg by the oral route. A later report cited an ED50 (oral) 
of 38 mg/kg (7). In that study, the current was only 25 mamp (60 Hz), 
again delivered for 0.2 sec through corneal electrodes. The lower potency 
of cyheptamide determined in the present study is likely the result of the 
higher (50 mamp) current, as prescribed in the most thoroughly docu- 
mented model of grand ma1 epilepsy (9,18). 


In summary, the relatively low anti-maximal electroshock potency 
described previously (6,7) for cyheptamide has been verified. However, 


its potency is not so discrepant from that of structurally related car- 
bamazepine and phenytoin as might be inferred from the intraperitoneal 
dosage. The EDm values expressed in terms of tissue concentrations 
might be of greater value in a quantitative structure-activity investigation 
than those values based on parenteral dosage. 
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Abstract 0 The effect of some antacids on the dissolution and hypo- 
glycemic activity of acetohexamide, tolazamide, and tolbutamide tablets 
was investigated, as was the adsorption of the three drugs onto the ant- 
acids. The dissolution rates of the three drugs in the presence of mag- 
nesium oxide, aluminum hydroxide, magnesium carbonate, and calcium 
carbonate increased (0.5-1 hr) and then plateaued or decreased (1-3 hr). 
Magnesium trisilicate directly suppressed the dissolution of the three 
drugs. The antacids reduced the hypoglycemic activity of tolbutamide 
in the following order: magnesium trisilicate > magnesium oxide > alu- 
minum hydroxide > magnesium carbonate > calcium carbonate. The 
same order occurred for the first three antacids with acetohexamide and 
tolazamide. Decreased hypoglycemic activity of the drugs may have been 
due to their adsorption to the coadministered antacids. 


Keyphrases Antacids-effect on oral hypoglycemics, dissolution, 
adsorption, hypoglycemic activity 0 Hypoglycemics, oral-effect of 
antacids, dissolution, adsorption, hypoglycemic activity 0 Dissolu- 
tion-effect of antacids on oral hypoglycemics, adsorption, hypoglycemic 
activity o Adsorption-effect of antacids on oral hypoglycemics, dis- 
solution, hypoglycemic activity 


The effect of antacids on the dissolution and bioavail- 
ability of drugs has been studied extensively (1-7). 
Drug-antacid interactions may be caused by several ef- 
fects. Antacids can change the absorption rate by altering 
the ionization state of the drug molecule (1,2), delaying 
stomach emptying (3), changing the fluid pH in the body 
(4), and adsorbing drugs (5-7). In addition to affecting 
bioavailability, a chemical or strong physical interaction 
between the antacid and drug can have important rami- 
fications in therapy. 


Since no information is available on the effect of coad- 
ministration of antacids on the bioavailability of oral hy- 
poglycemics, the present study investigated the influence 
of commonly used antacids on the dissolution and hypo- 
glycemic activity of acetohexamide, tolazamide, and tol- 
butamide. The adsorption of these drugs onto some ant- 
acids also was studied. 


EXPERIMENTAL 


Materials-Acetohexamidel, tolazamide2, and tolbutamide3 tablets 
were uhed in the dissolution studies. Powdered acetohexamide', tolaza- 
mide2, tolbutamide3, magnesium trisilicate4, magnesium carbonate5, 
magnesium oxide6, aluminum hydroxide7, and calcium carbonate7 were 
used as supplied in the adsorption and hypoglycemic activity studies. 


Dissolution Testing-The dissolution rates of acetohexamide and 
tolbutatnide tablets were tested according to USP XIX (6) using the USP 
rotating-basket dissolution apparatus*. Tolazamide tablets were tested 
similarly, hut the absorbance9 was measured at 262 nm. Tablets of the 
three drugs were tested for dissolution in their respective medium con- 
taining one antacid (1%). 


1 Dimclor tablets 1843 G-27023F, Eli Lilly and Co., Basingstoke, England. 
2 Tolinahe tablets, The Upjohn Co., Kalamazoo, Mich. 
3 Rast inon tablets 586A474, Hoechst, Frankfurt, West Germany. 


BDH, I'oole, England. 
Mawr & Baker, Dogenham, England. 
Hopkin & Williams, Essex, England. 
Riedr De Haenog, Hanover, West Germany. 


8 Erwrke-Heausenstamn Kr, Offenbachhfain, West Germany. 
9 Variaii 'rechtron, UV-VIS, model 635. 


Measurement of Blood Glucose in Rats-The effect of orally ad- 
ministered acetohexamide, tolazamide, and tolbutamide with and 
without antacids on blood glucose levels of adult male albino rats'O was 
studied. Rats (180-250 g) were fasted 24 hr before the experiment but 
were allowed free access to water. 


The effect of antacids on the hypoglycemic activity of tolbutamide was 
studied using six groups of 15 rats each. One group was given tolbutamide 
suspension (1%) in water containing 0.2% methylcellulose in a 200-mg/kg 
dose. Five other groups were given equivalent doses of tolbutamide but 
in the presence of 1% of the antacid. 


Each group of animals was divided into five subgroups, each containing 
three rats. Each subgroup was kept in a separate cage and allowed free 
access to water. At  0.5,1,2,3,4, and 5 hr, the animals were sacrificed. A 
blood sample was taken from each rat and analyzed for blood glucose 
content (8). One group of animals was used as the control. The mean 
blood glucose levels of each subgroup were compared, and the differences 
were tested for significance by analysis of variance and a Student t 
test. 


The effect of magnesium trisilicate, magnesium oxide, and aluminum 
hydroxide on the blood glucose level following administration of aceto- 
hexamide and tolazamide was tested in the same manner. 


Adsorption Experiments-The drugs were dissolved in the fluid used 
for dissolution testing, and 50 ml of the solution containing 2.5-40 mg 
of the drug was placed in 100-ml glass-stoppered conical flasks containing 
the antacid (1%). The drug-antacid solution was equilibrated at 37 f 0.1' 
and shaken mechanically for -24 hr to reach equilibrium. After centrif- 
ugation, the drug concentration remaining in the supernate was deter- 
mined spectrophotometrically a t  the respective wavelength used for 
dissolution testing against a blank. Three replicate runs were made, and 
the results were averaged. 


Desorption-The desorption of adsorbed drugs was determined a t  
37 f 0.5O in the fluid used for dissolution testing as described previously 
(6). Three experiments were performed in each case, and the average 
percent desorbed was calculated. 


The least significant difference procedure was used to assess the dif- 
ference between two means, and the completely randomized designs- 
analysis of variance technique was used to evaluate the level of signifi- 
cance between multiple determinations (9). 


RESULTS AND DISCUSSION 


Figure 1 shows the effect of the five antacids on the dissolution rates 
of acetohexamide, tolazamide, and tolbutamide tablets. With the ex- 
ception of magnesium trisilicate, the antacids exhibited a minor increase 
in dissolution (0.5-1 hr) and then a plateau with a slight decrease toward 
the end. Magnesium trisilicate moderately decreased the dissolution rates 
of the three drugs. After 3 hr, the amounts of tolbutamide in solution were 
82.5,81,66,60, and 10% in the presence of calcium carbonate, magnesium 
carbonate, aluminum hydroxide, magnesium oxide, and magnesium 
trisilicate, respectively, as compared to 100% in the absence of these 
antacids. The amounts of acetohexamide, tolbutamide, and tolazamide 
in solution at 3 hr were 4.5,40, and 30%, respectively, in the presence of 
magnesium trisilicate; a t  that time, complete dissolution of the three 
drugs was attained in the absence of antacids. 


Figure 2 illustrates the effect of the tested antacids on the hypoglycemic 
activity of acetohexamide, tolazamide, and tolbutamide. The mean blood 
glucose concentration of 24-hr fasted rats was 73.25 f 2.55 mg/100 ml and 
was significantly higher than all treated groups (Student t test, p < 
0.05). 


The reduction in blood glucose levels was lessened in the system con- 
taining the antacid (Fig. 2). At 2 hr, the mean blood glucose level of rats 
taking tolbutamide alone was 2.8 mg/100 ml; it increased to 18.3, 15.3, 


lo Sprague-Dawley, Agouzo Strain, Egypt. 
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Table I-Blood Glucose Levels at 2 hr following a 200-mg/kg 
Single Oral Dose of Tolbutamide Aqueous Suspension Alone and 
Coadministered with Antacids 


Table 11-Blood Glucose Levels at 2 hr following a 200-mg/kg 
Single Oral Dose of Acetohexamide Suspension Alone and 
Coadministered with Antacids 


Blood Glucose Level (n = 31, mg/100 ml 
Tolbuta- 


Tolbuta- Tolbuta- Tolbuta- mide plus Tolbuta- 
mide plus mide plus mide plus Alumi- mide plus 
Magnes- Magnes- Magnes- num Calcium 


Tolbuta- ium ium ium Hydrox- Carbon- ~ 


Mean 
SD mide Carbonate Oxide Trisilicate ide ate 


Mean 2.80 10.5 15.3 18.3 12.5 8,4 cv, % 


Blood Glucose Level (n = 3), mg/100 ml 
Acetohexa- Acetobexa- 
mide plus mide plus 


Acetohexa- Magnesium Aluminum 
mide Trisilicate Hydroxide 


22.5 45.50 37.50 
8.68 5.19 4.20 


38.58 11.14 11.20 
SD 1.54 4.32 0.85 3.27 2.72 2.59 
CV,% 55.00 41.14 5.56 17.87 21.76 30.83 Analysis of Variance 


Analysis of Variance Source of Degreesof Sumof Meanof F n  
Variation Freedom Squares Squares Ratio Source of Degrees of Sum of Mean of Fa 


Variation Freedom Squares Squares Ratio Among dosage 2 818 409 10.24 
forms 


Among dosage forms 2 443.22 221.61 35.69 E~~~~ 6 239.66 39.94 
Error 15 93.16 6.21 Total 8 1057.66 
Total 17 


Significance at the 5% level. 
Significance at the 5% level. 


12.5, 10.5, and 8.4 mg/100 ml in the presence of magnesium trisilicate, 
magnesium oxide, aluminum hydroxide, magnesium carbonate, and 
calcium carbonate, respectively. Analysis of variance for the results in 
Table I showed a highly significant difference 07 < 0.05) in the 2-hr mean 
blood glucose levels among the tested dosage forms. At 2 hr, there was 
a significant difference (least significant difference procedure, p < 0.05) 
between the mean blood glucose when tolbutamide was administered 
alone and when it was administered with each tested antacid. This result 
indicates that a decreased absorption of tolbutamide occurred in the 
presence of each tested antacid. 


The antacids reduced the hypoglycemic activity of acetohexamide and 
tolazamide in the order magnesium trisilicate > aluminum hydroxide. 
At 2 hr, the respective mean blood glucose levels of rats taking aceto- 
hexamide alone was 22.5 mg/100 ml, which increased to 45.5 and 37.5 
mg/100 ml in the presence of magnesium trisilicate and aluminum hy- 
droxide, respectively. At 2 hr, the mean blood glucose level of rats taking 
tolazamide was 6.5 mg/100 ml, which increased to 18 and 13 mg/100 ml in the 
presence of magnesium trisiicate and aluminum hydroxide, respectively. 


Analysis of variance for the data of the 2-hr mean blood glucose levels 
of rats administered acetohexamide alone and with the tested antacids 
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Figure I-Effect of certain antacids on the dissolution of acetohexamide (A) ,  tolbutamide (B), and tolazamide (C). Key: 0, without antacid; and 
0, *, 0, 0, and A, in the presence of magnesium trisilicate, magnesium oxide, aluminum hydroxide, magnesium carbonate, and calcium carbonate, 
respectively. 
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Figure 2-Effect of certain antacids on the hypoglycemic activity of tolbutamide (A), acetohexamide (B), and tolazamide (C). Key: see Fig. 1. 
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Figure 3-Adsorption of acetohexamide (A), tolbutamide (B), and tolazamide (C) on certain antacids (1  % w/v). Key: 0, magnesium trisilicate; 
*, magnesium oxide; and 0, aluminum hydroxide. 


Table 111-Blood Glucose Levels at 2 h r  following a 200-mg/kg 
Single Oral Dose of Tolazamide Aqueous Suspension Alone and 
Coadministered with Antacids 


~~ ~~~ 


Blood Glucose Level (n = 31, mg/100 ml 
Tolazamide Tolazamidr  


plus Magnesium plus Aluminum 
Tolazamide Trisilicate Hydroxide 


Mean 6.50 
SD 2.71 cv, ’lo 41.69 


18.00 
1.91 


10.61 


13.00 
3.41 


26.23 


Analysis of Variance 


Source of Degrees of Sum of Mean of Fa 
Variation Freedom Squares Squares Ratio 


Among dosage forms 2 199.5 99.75 13.14 
Error 6 45.22 7.59 
Total 8 244.72 


Significance at the 5% level. 


showed that there was a significant difference (p < 0.05) among the tested 
dosage forms (Table 11). There was a significant difference (least signif- 
icant difference procedure, p < 0.05) between the mean blood glucose 
level when acetohexamide was administered alone and when it was ad- 
ministered with either magnesium trisilicate or aluminum hydroxide 
(Table 11). Similarly, statistical comparison of the data in Table I11 in- 
dicated that there was a significant difference (analysis of variance, p < 
0.05) among the tested tolazamide dosage forms as to the 2-hr mean blood 
glucose levels. There was also a significant difference (least significant 
difference procedure, p < 0.05) between the mean blood glucose level 
when tolazamide was administered alone and when it was administered 
with either magnesium trisilicate or aluminum hydroxide. 


Figure 3 shows the plots of drug adsorption onto magnesium trisilicate 
(1% w/v). Preliminary experiments showed that equilibrium was attained 
within 6-24 hr, depending on the drug, its concentration, and the antacid. 
Antacid adsorption of the drugs followed the sequence magnesium 
trisilicate > magnesium oxide > aluminum hydroxide. These antacids 
adsorbed 95,50, and 17.5% of tolbutamide, respectively. The extent of 
drug adsorption to antacids followed the sequence acetohexamide > 
tolbutamide > tolazamide. The three drugs possess varying relative po- 
larity, and the extent of adsorption was increased with the more polar 
drug. This finding is concordant with the reported (10) conclusion that, 
for a given solvent, the more soluble solutes generally were adsorbed less 
strongly than the less soluble ones. 


Table 1V summarizes the extent of adsorption of the three drugs from 
the respective medium used for dissolution. These data illustrate a strong 
adsorption of the three drugs to magnesium trisilicate; only 5.17,5.20, 
and 6.5% were desorbed from acetohexamide, tolbutamide, and tolaza- 
mide, respectively. The same sequence occurred with aluminum hy- 
droxide and magnesium oxide. Analysis of variance of the data in Table 
IV showed that there was no significant difference among the tested 
antacids as to the extent of adsorption of the three hypoglycemics. 


Statistical analysis of the data in Table IV (least significant difference 
procedure, p < 0.05) indicated that tolbutamide was adsorbed more 


Table IV-Desorption of Tolbutamide, Tolazamide, and 
Acetohexamide from Antacids 


Mean Drug Desorbed f SD (n = 3), % 
Magnesium Magnesium Aluminum 


Drug Trisilicate Oxide Hydroxide 


Acetohexamide 5.17 f 1.72 8.36 f 1.12 10.50 f 1.76 
Tolazamide 6.50 f 2.76 12.20 i 1.45 13.50 f 0.87 
Tolbutamide 5.20 f 1.42 8.50 f 0.38 10.80 f 0.36 


Analysis of Variance 


Source of Degreesof Sum of Meanof Fa 
Variation Freedom Sauares Sauares Ratio 


Among dosage forms 2 38.98 19.49 3.54 
Error 6 33.02 5.50 
Total 8 71.99 


a Significance at the 5% level. 


significantly to magnesium trisilicate than to aluminum hydroxide. There 
appeared to be no significant differences between the extent of tolbuta- 
mide adsorption to magnesium trisilicate and magnesium oxide nor to 
aluminum hydroxide and magnesium oxide. Tolazamide was adsorbed 
more strongly to magnesium trisilicate than to the other two antacids. 
Acetohexamide exhibited a significantly higher adsorption to magnesium 
trisilicate than to aluminum hydroxide; however, no significant difference 
existed between the extent of its adsorption to magnesium oxide and 
magnesium trisilicate nor between its adsorption to aluminum hydroxide 
and magnesium oxide. 
These results indicate that the tested antacids reduce the hypoglycemic 


activity of acetohexamide, tolazamide, and tolbutamide. The dissolution 
rates of the three oral hypoglycemics in the presence of the antacids, with 
the exception of magnesium trisilicate, increased (0.5-1 hr), plateaued, 
and then decreased. Increased dissolution in the 1st hr did not rise con- 
tinually due to uptake of the dissolved drug by the antacid. Again, the 
earlier increased dissolution does not reflect increased hypoglycemic 
activity due to direct adsorption of drug by antacid decreasing the amount 
of free drug available for systemic absorption. Magnesium trisilicate, 
which showed the highest adsorption capacity for the three oral hypo- 
glycemics, induced the paramount suppression in their hypoglycemic 
activity. Furthermore, the powerful adsorption of the drugs by this ant- 
acid, as indicated by minor desorption, illustrates this suppression. 


From the present study, it may be concluded that the hypoglycemic 
activity of acetohexamide, tolazamide, and tolbutamide will be decreased 
considerably if these drugs are separately coadministered with the tested 
antacids. The extent of reduction will vary with the antacid. 
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Abstract Antiserum to d-pseudcephedrine was raised in New Zealand 
White rabbits in response to immunization with a conjugate of bovine 
serum albumin and d-pseudoephedrine-N-3-propionic acid. The hapten 
was prepared by reaction of methyl acrylate with d-pseudoephedrine, 
followed by ester hydrolysis. Sodium b ~ r o [ ~ H ]  hydride reduction of d l  - 
ephedrone gave [c~-~H]-dl-ephedrine, and a Welsh rearrangement with 
acetic anhydride followed by deacetylation gave [c~-~H]-dl-pseudo- 
ephedrine, which was used as a radioligand in radioimmunoassay pro- 
cedures for direct plasma analyses. Three sensitive radioimmunoassay 
procedures were developed, two using [3H]pseudoephedrine as the ra- 
dioligand and either adsorption on coated charcoal or polyethylene glycol 
precipitation for separation of antibody-bound from free radioligand. 
The third method used an [1251]tyrosine methyl ester analog of pseudo- 
ephedrine and charcoal separation, preceded by extraction and deriva- 
tization of pseudoephedrine with methyl acrylate. All three assays could 
detect 52.5 ng of pseudoephedrine/ml. The antiserum was stereospecific, 
showing low cross-reactivities with I-pseudoephedrine and d-  and l -  
ephedrines. d-Norpseudoephedrine and some other related compounds 
also had low cross-reactivity in these radioimmunoassay procedures. 
Excellent agreement was found between pseudoephedrine concentrations 
in human plasma determined by radioimmunoassay and by a standard 
GLC method. The utility of radioimmunoassay was illustrated by ap- 
plication of one of these procedures to an assessment of the bioequiva- 
lence of immediate- and sustained-release pseudoephedrine formulations 
in normal volunteers. A sustained-release preparation containing 120 mg 
of pseudoephedrine hydrochloride given every 12 hr was shown by AUC 
comparisons to be bioequivalent to an immediate-release tablet (con- 
taining 60 mg of pseudoephedrine hydrochloride) given every 6 hr. 


Keyphrases 0 Radioimmunoassay-d-pseudoephedrine, human 
plasma, bioequivalency studies, immediate- and sustained-release tablets 
o d-Pseudoephedrine-radioimmunoassay, bioequivalency studies, 
immediate- and sustained-release tablets Bioequivalency studies- 
radioimmunoassays of d-pseudoephedrine in human plasma, bioequiv- 
alency studies, immediate- and sustained-release tablets 0 Adrener- 
gics-radioimmunoassays for d-pseudoephedrine in human plasma, 
bioequivalency studies, immediate- and sustained-release tablets 


&Pseudoephedrine was first isolated from the Chinese 
plant Ma Huang by Chou and Read (1) in 1926, and 
studies of its pharmacology started soon thereafter (2,3). 
Although pseudoephedrine is in widespread use as a 
proven, clinically effective nasal decongestant ( P 6 ) ,  little 
published information is available on its disposition and 
pharmacokinetics in human plasma following adminis- 
tration of therapeutic doses. Studies have examined ki- 


netics chiefly from the viewpoint of urinary excretion (7-91, 
which is liable to be influenced by alterations in urinary 
pH (8). Such indirect studies were necessitated by the lack 
of methods sufficiently sensitive to detect the relatively 
low circulating concentrations of pseudoephedrine in 
plasma following therapeutic doses. 


Reported GLC procedures (7,10, and 11) were capable 
of detecting only 0.3-0.5 pg of pseudoephedrinelml. Even 
with nitrogen detection, Bye et al. (12) were able to lower 
the sensitivity limit only to 25 ng/ml. Kuntzman et al. (8) 
reported a procedure that involved esterification of iso- 
lated pseudoephedrine with tritiated acetic anhydride 
followed by separation and quantitation of the resulting 
radioactive product. Although capable of detecting 50 ng 
of pseudoephedrine/ml of plasma, this method is still rel- 
atively insensitive and time consuming. A study (13) of 
plasma pseudoephedrine levels relative to efficacy, using 
a GLC method for drug determination, was able to deter- 
mine plasma concentrations up to 6 hr following a 60-mg 
oral dose of pseudoephedrine hydrochloride. 


This report describes the development of a specific an- 
tiserum to pseudoephedrine and its application to three 
specific radioimmunoassay procedures for the drug. Two 
procedures are direct and employ a tritium-labeled ra- 
dioligand; the third requires extraction and derivatization 
of the drug prior to assay but employs a y-labeled radio- 
ligand. The sensitivity limits of these procedures are <2.5 
ng of pseudoephedrine/ml in all cases. Their use for drug 
disposition studies following oral administration of both 
immediate- and sustained-release pseudoephedrine 
preparations is illustrated. 


EXPERIMENTAL 


Melting points’ are uncorrected. ‘H-NMR spectra2 were obtained in 
deuterochloroform with tetramethylsilane as the internal standard unless 
otherwise indicated. Low-resolution mass spectra3 were obtained by 


I Thomas-Hoover apparatus, Arthur H. Thomas Co., Philadelphia, Pa. 
2 Model R-24A, Perkin-Elmer Corp., Norwalk, Conn. 


Model MAT 731 or CHBDF, Varian Associates, Palo Alto, Calif. 
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Abstract The bioavailability of an aqueous solution of chlorothiazide 
and three commercially available chlorothiazide tablets was assessed in 
adult mongrel dogs. In two crossover urinary excretion studies, six fasting 
dogs received single 500-mg doses of chlorothiazide as an aqueous solu- 
tion, one 500-mg originator tablet on two separate occasions (Tablets A-1 
and A-2), two 250-mg originator tablets (Tablet B), or one 500-mg generic 
tablet (Tablet C). 6-Amino-4-chlorobenne-1,3-disulfonamide (chlor- 
aminophenamide), a pharmacologically active hydrolysis product of 
chlorothiazide, was not detected in any urine sample. Urinary recoveries 
of chlorothiazide after oral administration, expressed as the mean (range) 
percent of the dose, were only 22.0 (8.41-33.9), 15.7 (10.2-25.0), 20.7 
(7.25-31.0), 18.5 (8.72-33.2), and 21.9% (6.69-41.1%) for the aqueous 
solution and Tablets A-1, A-2, B, and C, respectively. Considerable in- 
terindividual variation and some intraindividual variation were observed. 
No statistically significant difference in bioavailability existed among 
the aqueous solution and Tablets A-2 and B, between Tablets A-1 and 
C, and between Tablets A-1 and A-2. 


Keyphrases Chlorothiazide-bioavailability from tablets and aqueous 
solution, dogs 0 Bioavailability-chlorothiazide, absorption from 
aqueous solution and tablets, dogs 0 Diuretics-chlorothiazide, bio- 
availability from aqueous solution and tablets, dogs 


Chlorothiazide is a diuretic used in the treatment of 
hypertension, congestive heart failure, and other edema- 
tous conditions in animals and humans (1). After intra- 
venous administration to dogs (2-4) and humans (5-7), 
chlorothiazide is excreted rapidly and completely in the 
urine as unchanged drug. In contrast, urinary recoveries 
ranging from only 13 to 32% (percent of dose) have been 
observed in humans after oral administration of 250-1000 
mg of chlorothiazide as tablets (6-9) or as an aqueous so- 
lution of the sodium salt (6). Absorption of chlorothiazide 
in dogs also is poor and variable and apparently is dose 
dependent at oral doses comparable to those used in the 
treatment of edematous conditions (4). Thus, the dog ap- 
pears to be a good animal model for studies designed to 
assess the influence of physicochemical and physiological 
factors on chlorothiazide absorption. 


The purpose of the present study was to determine the 


Table I-Experimental Designs for Chlorothiazide Absorption 
Studies in Mongrel Dogs 


Body Study I Study I1 
Weight, Week Week Week Week Week 


Dog kg 1 2 1 2 3 


1 17.0 C A-1 AS B A-2 
4 18.5 C A-1 AS B A-2 
5 19.7 C A-1 B -  A-2 A S  


9 16.6 A- 1 C A-2 AS B 
10 21.8 A-1 C A-2 AS B 


8 18.1 A-1 C B A-2 AS 
5 19.7 C A-1 B -  A-2 A S  


9 16.6 A- 1 C A-2 AS B 
8 18.1 A-1 C B A-2 AS 


10 21.8 A-1 C A-2 AS B 
Each item within the matrix corresponds to a specific formulation. Tablets A-1 


and A-2 represent 500-mg tablets (Merck Sharp and Dohme) administered on two 
separate occasions, Tablet B represents two 250-mg tablets (Merck Sharp and 
Dohme), Tablet C is one 500-mg tablet (Econo-Rx), and AS is the aqueous solution 
containing 500 mg of chlorothiazide as the sodium salt. 


effect of the dosage form and the dosage form formulation 
on chlorothiazide absorption. 


EXPERIMENTAL 


Materials-Chlorothiazide', sulfadiazine2, acetonitrile3, and ethyl 
acetate4 were used as received. 


Commercial 250- and 500-mg chlorothiazide tablets5 manufactured 
by the originator of the drug product and a generic 500-mg chlorothiazide 
tablet6 were obtained commercially. An aqueous solution dosage form 
of chlorothiazide sodium was prepared immediately prior to use. The 
250-mg originator tablet, the 500-mg originator tablet, the 500-mg generic 
tablet, and the aqueous solution were assayed for their drug content by 
HPLC and were found to contain 99.5 f 2.3,99.4 f 1.8,94.1 f 3.1, and 
99.6 i 1.0% [mean (n = 6) f SD] of the labeled amount of chlorothiazide. 
All other chemicals and solvents were reagent grade. 


Absorption Studies-Six unanesthetized mongrel dogs (five male 
and one female), 16.6-21.8 kg (mean 18.6 kg), were fasted with water ad 
libitum for 16-18 hr prior to and for 24 hr after drug administration. 
Between 800 and 900 am, each animal received, in two crossover studies 
(Table I), single 500-mg oral doses of chlorothiazide as one 500-mg 
originator tablet on two separate occasions (Tablets A-1 and A-2), two 
250-mg originator tablets (Tablet B), one 500-mg generic tablet (Tablet 
C), and 50 ml of an aqueous solution of chlorothiazide sodium. A 1-week 
washout period was allowed between drug administrations. 


Quantitative urine collections were made at 0-12,12-24,24-48,48-72, 
and 72-96 hr after chlorothiazide administration, and the pH and volume 
of each collection were recorded. On a separate occasion, 24-hr blank urine 
specimens were collected from each dog. An aliquot of all specimens was 
stored at  -20' until it was assayed. 


The specific HPLC method of Lin and Benet (7) for the quantitative 
determination of chlorothiazide in urine was used. The original method 
was modified as described previously (4,101 to include an extraction step 
and sulfadiazine as the internal standard. 


Differences among more than two mean urinary excretion values were 
evaluated statistically by an analysis of variance for crossover (Latin 
square) design, and differences between any two means were compared 
using either Tukey's multiple-range test or the Student t test for paired 
samples (11). 


RESULTS AND DISCUSSION 


There is general agreement that the extent of absorption of thiazide 
diuretics is assessed best from cumulative urinary excretion data (12- 
17). 


No statistical difference in the urine pH or urine volume existed among 
the five study conditions. As demonstrated previously (4), chlorothiazide 
was excreted quantitatively and uniformly in the urine after adminis- 
tration of 50- and 250-mg iv doses of chlorothiazide to four of the six dogs 
used in the present investigation. Thus, chlorothiazide elimination uia 
active renal tubular and biliary secretion (2,3) apparently occurs in a 
linear fashion over this dosage range. 


The mean cumulative percent of the chlorothiazide dose (based on 


~ ~ ~~~~~~ 


Supplied by Merck Sharp and Dohme, West Point, Pa. 
American Pharmaceutical Co., New York, N Y 
High-pressure liquid chromatographic (HPLC) grade, Burdick & Jackson 


Reagent grade, Fisher Scientific Co., Rochester, N.Y. 
Diuril tablets, Merck Sharp and Dohme. 
Econo-Rx tablets (Bolar). These tablets were from the same lot as those used 


in the human chlorothiazide bioavailability study performed by Straughn et d 
(9) and were supplied by these investigators. 


Laboratories, Muskegon, Mich. 
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Table 11-Mean Urinary Excretion of Chlorothiazide in Dogs as 
a Function of Time after Administration of a 500-mg Oral Dose 
as Two Different 500-ma Chlorothiazide Tablets 


Table IV-Extent of Chlorothiazide Bioavailability in Dogs 
after Administration of a 500-mg Oral Dose as Two Different 
500-mn Chlorothiazide Tablets 


Hours 


Mean Cumulative Percentage of Dose 
Excreted ( n  = 6) f SD 


Tablet A-1” Tablet C 


0 
12 
24 
48 
72 
96 


0 
8.06 f 4.1 
10.2 f 4.4 
15.3 f 4.8 
15.7 f 5.1 
15.7 f 5.1 


0 
9.88 f 5.2 
11.9 f 7.3 
18.8 f 8.9 
21.8 f 11.4 
21.9 f 11.7 


(I Tablet A-1 represents one 500-mg tablet (Merck Sharp and Dohme) (Trial 1). 
(I Tablet C represents one 500-mg tablet (Econo-Rx). 


Table 111-Mean Urinary Excretion of Chlorothiazide in Dogs 
as a Function of Time after Administration of a 500-mg Oral 
Dose as an Aqueous Solution, One 500-mg Tablet, and Two 
250-mg Tablets 


Mean Cumulative Percentage of Dose 
Excreted ( n  = 6) f SD 


Aqueous 
Hours Solution0 Tablet A-2* Tablet BC 


0 0 0 0 
12 9.30 k 4.4 10.3 f 4.8 4.63 f 4.3 
24 11.7 f 2.4 12.3 f 5.8 9.29 f 5.4 
48 16.5 f 4.6 19.4 f 7.2 16.5 f 7.8 
72 21.3 f 7.5 20.1 f 7.1 18.4 f 7.7 
96 22.0 f 8.0 20.7 f 6.9 18.5 f 7.8 


~~ ~~ ~ 


(I Sodium salt. * Tablet A-2 represents one 500-mg tablet (Merck Sharp and 
Tablet B represents two 250-mg tablets (Merck Sharp and Dohme) (Trial 2). 


Dohme). 


assay results) excreted unchanged in the urine at each sampling time after 
oral administration of the four test dosage forms is shown in Tables I1 
and 111. Under all study conditions, plateau excretion values were reached 
within 48-72 hr, indicating that the experimental period selected was 
more than adequate to assess the excretion and, thereby, the absorption 
characteristics of chlorothiazide. As reflected by the high standard de- 
viation associated with each mean excretion value, the urinary excretion 
rate of chlorothiazide from each dosage form tested showed considerable 
interindividual variation. This finding is consistent with that observed 
after oral administration of various brands of chlorothiazide tablets to 
humans (6,8,9). 


Thiazide diuretics undergo hydrolysis in uiuo to 6-amino-4-chloro- 
benzene-1,3-disulfonamide (I), which is absorbed and excreted in the 
urine of humans and possesses diuretic activity (18). Although the extent 
of hydrolysis in humans is greatest for the more potent thiazide diuretics 
(e.g., cyclothiazide and methyclothiazide) (18), i t  was important to de- 
termine whether I and chlorothiazide were coexcreted in the urine of dogs. 
HPLC analyses7 revealed that I was not present in any urine spec- 
imen. 


Similar to the situation found in humans (6,8,9), the extent of chlo- 
rothiazide bioavailability in dogs was quite low and variable, regardless 
of the dosage form and dosage form formulation used (Tables IV and V). 
Although no statistically significant difference in bioavailability existed 
between the originator 500-mg tablet (Tablet A-1) and the generic 500-mg 
tablet (Tablet C), Tablet C appeared to be absorbed more erratically 
(Table IV). In contrast, Tablets A-1 and C have been reported to be 
bioinequivalent in humans (9). This apparent species difference may be 
due to the fact that the human urinary excretion studies were terminated 
in 24 hr (9), even though chlorothiazide excretion reportedly continues 
for a t  least 48 hr in humans (12). It also is possible that the bioavailability 
estimates for Tablets A-1 and C in humans (9) are in error due to variable 
interferences from urinary constituents in the modified Bratton-Marshall 
colorimetric method employed by these investigators (10,12,19). 


A comparison of the 96-hr urinary recovery values for each dog after 
administration of Tablet A on two separate occasions (Tablets A-1 and 
A-2) reveals that the absorption of chlorothiazide also is subject to some 
intraindividual variation (Tables IV and V). The lack of a significant 
difference in the mean cumulative 96-hr urinary recovery among the 


Under the chromatographic conditions employed (4,101, the retention times 
for I, sulfadiazine, and chlorothiazide were 5.25.5.61, and 6.97 min, respectively. 


Cumulative 96-hr Urinarv Excretion 
of Chlorothiazide; mg 


Tablet A-1” Tablet C 


1 
4 
5 
8 
9 


10 
Mean 
SD cv, % 
Paired t test 


61.1 43.7 
125.2 169.3 
107.0 122.2 
51.1 83.4 
59.3 33.5 
68.1 205.7 
78.6 109.6 
25.4 58.3 
32 53 


NSc ( p  > 0.05) 


Tablet A-1 represents one 500-m tablet (Merck Sharp and Dohme) (Trial 1). 
(I Tablet C represents one 500-mg tahe t  (Econo-Rx). Not significant. 


Table V-Extent of Chlorothiazide Bioavailability in Dogs after 
Administration of a 500-mg Oral Dose as an Aqueous Solution, 
One 500-mg Tablet, and Two 250-mg Tablets 


Cumulative 96-hr Urinary Excretion 
of Chlorothiazide, mg 


Aqueous 
Dog Solutionn Tablet A-2 Tablet BC 


1 
4 


76.7 95.1 
122.8 155.2 


43.6 
108.4 


5 150.5 103.6 113.8 
8 97.2 93.3 72.1 
9 40.1 36.2 49.9 


10 169.7 136.2 165.8 
Mean 109.5 103.3 92.3 
SD 40.6 34.7 39.1 cv, % 37 34 42 


Statistical significance: difference among three oral treatments 
(analysis of variance for crossover design) 


NSd, p > 0.05 (F = 2.96; df = 2,8)e 
a Sodium salt. * Tablet A-2 represents one 500-mg tablet (Merck Sharp and 


Dohme) (Trial 2). Tablet B represents two 250-mg tablets (Merck Sharp and 
Dohme). d Not significant. Critical F value for two and eight degrees of freedom 
at  the 5% level is 4.46. 


aqueous solution and the originator 250- and 500-mg tablets (Tablets B 
and A-2) indicates that chlorothiazide absorption is affected minimally 
by the nature of the dosage form administered, provided that the dosage 
form is well formulated. 


The results of this study show that at an oral dose comparable to that 
used in the treatment of edematous conditions in dogs, the absorption 
of chlorothiazide is variable and incomplete, regardless of whether the 
drug is administered as an aqueous solution or tablet dosage form. Since 
the maximum solubility of chlorothiazide a t  pH 1.0 and 6.2 is 417 and 655 
mg/liter, respectively (4), poor drug absorption may have resulted from 
slow dissolution* of the drug due to the high oral dose (500 mg) to solu- 
bility ratio employed or from the existence of an active or other capac- 
ity-limited intestinal transport process for chlorothiazide (4). 
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Abstract 0 Several conflicting observations in the literature raised 
considerable doubt about the metabolic fate of doxycycline, which, like 
other tetracyclines, has been claimed to be metabolically inert. A double 
liquid chromatographic approach was used in an attempt to demonstrate 
the polar metabolites and/or conjugates in excreta of human volunteers 
who ingested the drug. Both ion-exchange and reversed-phase chroma- 
tography faiied to reveal significant by-products in urine and feces, except 
for minor amounts of 4-epidoxycycline. In addition, enzymatic hydrolysis 
procedures did not present any evidence of the conjugates. Thus, the 
different excretion behavior of doxycycline, compared to other analogs, 
cannot be explained in terms of increased metabolism. 


Keyphrases Doxycycline-tetracycline analog, metabolic fate, 
analysis, human urine and feces Liquid chromatography-analysis, 
doxycycline in human urine and feces 0 Antibacterials-doxycycline, 
metabolic fate, analysis in human urine and feces 


It is generally accepted that tetracycline antibiotics are 
not metabolized in the human body (1-4). However, con- 
siderable doubt still exists concerning the fate of the more 
lipophilic derivatives (5,6). A study with 3H-labeled dox- 
ycycline failed to reveal by-products in excreta, but a 
rather poor chromatographic technique had been used 
(7). 


Some investigators noted a dramatic decrease in the 
half-life of the drug following coadministration of typical 
enzyme-inducing substances, including barbiturates (8), 
antiepileptics (9, lo), and ethanol (11). This observation 
was explained in terms of accelerated doxycycline me- 
tabolism and led to speculation concerning the formation 
of conjugates (10). However, other investigators did not 
support these views and questioned the reliability of the 
effect (12). Furthermore, an unidentified, biologically in- 
active fraction is claimed to occur in feces (13-15) and 
might be due to intestinally formed metabolites. 


The lack of suitable chromatographic techniques has 
hampered the unambiguous settling of these controversial 
observations. This paper reports the use of liquid chro- 
matography for detecting possible doxycycline by-prod- 


ucts in human urine and feces. In addition, enzymatic 
hydrolysis was carried out in order not to overlook conju- 
gates. Although a similar approach allowed demonstration 
of minocycline metabolites in urine (16), strong evidence 
is presented here for the metabolic inertness of doxycy- 
cline. 


EXPERIMENTAL 


Chromatography-Two liquid chromatographs’, equipped with a 
sample valve2 and a variable-wavelength detector3 operated at  350 nm, 
were used. The first column (10 X 0.46 cm) consisted of a strong cation- 
exchange material4 and was utilized with a 3862 (v/v) mixture of etha- 
nol-O.1 M citrate buffer (pH 4.6) containing 0.05% edetate disodium as 
the eluent. A reversed-phase system, previously reported for the quan- 
titative determination of doxycycline in human serum and urine (17), 
was applied to feces samples as well. 


Collection of  Excreta-A single 200-mg doxycycline dose was ad- 
ministered orally to human volunteers just after a light breakfast. Urine 
was collected over the following 24 hr. Three days after administration, 
feces samples were taken. Blank samples were obtained before drug in- 
take. 


Extraction of  Urine and Feces-Urine samples were extracted with 
ethyl acetate as described previously (17). 


Feces (0.8 g) were homogenized in 0.2 M HCl(l2 ml) using a high-speed 
mixers. After centrifugation, a 1-ml aliquot of the supernate was neu- 
tralized with 1 M NaOH and buffered with 1 ml of phosphate-sulfite 
buffer (pH 6) (17). Extraction was performed with 10 ml of ethyl acetate. 
The organic layer was evaporated to dryness6, and the residue was re- 
dissolved in 1 ml of the chromatographic solvent of either the reversed- 
phase or the ion-exchange system. Finally, 20-100 pl was injected onto 
the columns. Alternatively, feces were homogenized in 0.2 M acetate 
buffer (pH 5) and processed in a similar way. 


Hydrolysis Procedures-Urine samples and feces homogenates were 
adjusted to pH 5 using acetic acid and 2 M NaOH, respectively. Then, 
they were incubated at 37” with the arylsulfatase-glucuronidase enzyme 


~~ ~~ ~~ 


Model 8500, Varian Associates, Palo Alto, Calif. 
2 Model CV-6-UHPa-NG0, Valco Instruments Co., Houston, Tex. 
3 Varichrom, Varian Associates, Palo Alto, Calif. 
4 Nucleosil SA, 5 pm, Machery & Nagel, Diiren, West Germany. 


Virtis S 23, Virtie Research Equipment, Gardiner, N.Y. 
Rotary Evapo Mix, Buchler Instruments, Fort Lee, N.J. 
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Sustained-Release Drug Delivery System I: 
Coated Ion-Exchange Resin System for 
Phenylpropanolamine and Other Drugs 
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Abstract Ion-exchange resin-drug complexes have been used to for- 
mulate sustained-release products of acidic and basic drugs. However, 
sustained release may be difficult to achieve due to many variables. A 
novel technique is reported that minimizes these variables by providing 
a polymeric film coating to the ion-exchange resin-drug complex parti- 
cles, making drug release from these particles diffusion controlled. Direct 
application of an atomized polymer solution to the fluidized ion-exchange 
resin-drug complex particles was ineffective in controlling drug release 
since the coating came off in the dissolution medium due to swelling and 
fracturing of the particles. Pretreatment of the ion-exchange resin-drug 
complex particles with an agent such as polyethylene glycol was essential 
for the particles to retain their geometry and coating during dissolution. 
With divinylbenzenesulfonic acid resin complexed with phenylpropa- 
nolamine as a model, mixtures of ethylcellulose-coated and uncoated 
resin-drug complex particles were prepared. These mixtures gave varying 
drug release profiles that showed rank-order correlation with plasma 
concentration profiles obtained in bioavailability studies with suspension 
dosage forms. 


Keyphrases Phenylpropanolamine-microencapsulated with ion- 
exchange resin, new sustained-release delivery system, effect of particle 
size, coating, and dosage form on bioavailability 0 Drug delivery sys- 
tems-sustained release of phenylpropanolamine, ion-exchange resin- 
drug complex Microencapsulation-symposium, sustained-release 
delivery system for phenylpropanolamine, coated ion-exchange resin- 
drug complex 


Ion exchangers are solid and suitably insolubilized 
high-molecular weight polyelectrolytes that can exchange 
their mobile ions of equal charge with the surrounding 
medium. The resulting ion exchange is reversible and 
stoichiometric, with the displacement of one ionic species 
by another on the exchanger (1). The commercial avail- 
ability of insoluble exchange resins having one functional 
group caught the attention of pharmaceutical scientists 
and resulted in several patents (2-10). 


Keating (2) listed the following advantages of adsorbing 
basic nitrogen-containing drugs onto sulfonic acid cat- 
ion-exchange resins and using them in dosage forms: ( a )  
prolong availability by releasing the drug from the complex 
over 12 hr in the GI tract; ( b )  reduce toxicity by slowing 
drug absorption; ( c )  increase stability by protecting the 
drug from hydrolysis or other degradative changes in the 
GI tract; ( d )  improve palatability; and ( e )  enable formu- 
lation of liquid and solid sustained-release dosage 
forms. 


BACKGROUND 


Schlichting (11) evaluated carbinoxamine-resin complexes of poly- 
styrenesulfonic acid (pK 1.3), phenol formaldehydesulfonic acid (pK 1.3), 
polyacrylic acid (pK 5.2), polymethacrylic acid (pK 6.0), polyacrylic 
acid-sulfonic acid (7:3 ratio), and polystyrene phosphonate (pK 3.2). The 
polystyrene sulfonic acid salt of the drug showed the most retardation 
in the release of carbinoxamine. Increased resin cross-linking also de- 
creased the dissolution rate. Resins with a pK value of 5.2 and greater 
showed no retardation of dissolution. 


Koff ( 5 )  described the use of coating with castor wax to improve the 


palatability and stability of a highly acidic cation-exchange resin com- 
plexed with amotropine Macek et al. (6) improved the gritty and as- 
tringent taste of finely divided polystyrene divinylbenzene copolymer 
anion-exchange resin intended for swallowing by coating the particles 
with an acrylic polymer cross-linked with ally1 sucrose. Borodkin and 
Sundberg (7, 8) coated 72-147-pm particles of polymethacrylic acid- 
ion-exchange complexes of basic drugs with an ethylcellulose-hydroxy- 
propyl methylcellulose (4:l) mixture using an air suspension coater to 
overcome the bitterness of the drugs. 


Clark (9) applied the enteric-coating agent cellulose acetate phthalate 
on 0.1-1-mm diameter pellets of cation-exchange adsorbate of drugs in 
a coating pan. No dissolution data were presented. 


Jungmann (10) spray dried a slurry of codeine-resin adsorbate in a 
solution of the coating agent, a copolymer of acrylic acid esters and 
methacrylic acid esters modified with ammonium groups. At  13.3% drug 
load and 20% level of coating, the 2-hr release was -70%. 


In an attempt to formulate sustained-release dosage forms of phe- 
nylpropanolamine using the sulfonic acid cationic resin system, sufficient 
retardation in drug release could not be obtained. Application of a dif- 
fusion barrier coating on the resin-drug complex was attempted using 
an air suspension technique. This report presents the results of this 
work. 


EXPERIMENTAL 


Materials-Resins-A gel-type divinylbenzenesulfonic acid cation- 
exchange resin consisting of spherical particles (590-840 pm) was used 
as the model large-particle resin'. The model small-particle resin was 
obtained by grinding these spherical particles2; these particles ranged 
in size from 37 to 150 pm. These resins are approved for pharmaceutical 
use by the Food and Drug Administration. 


Drugs-Phenylpropanolamine, a sympathomimetic amine drug [bi- 
ological half-life of 3.9 hr in humans, pK of 9.4 (12)] was the first drug used 
in this coating investigation. Other drugs used were dextromethorphan, 
pseudoephedrine, ephedrine, and phentermine. The results obtained with 
phenylpropanolamine and dextromethorphan are reported here. These 
drugs were obtained either as bases or their salts from standard suppliers 
of pharmacopeial quality drugs. 


Coating Materials-Ethylcellulose 50 cps3 was selected as the model 
diffusion barrier material. A refined vegetable oil4 was used as a plasti- 
cizer. 


Auxiliary Agents-Polyethylene glycol 40005 was selected to help 
retain resin geometry during coating and dissolution. 


Solvents-The coating solvent was either ethanol or methylene 
chloride-acetone. These solvents were obtained from reliable commercial 
supplies of highest purity. 


Water-Water was either distilled or deionized as indicated. 
Equipment-Coating Equipment-The coating experiments were 


carried out using an air suspension coating apparatus6. 
Dissolution Test Apparatus-The dissolution assembly7 was essen- 


tially the same as described in USP XIX (13). 
Procedure for  Phenylpropanolamine8-Resin Complex-Five 


hundred milliliters of 0.1 N HCl was added to a 1-liter vesselg (16 cm high 


Amberlite IR-120, Rohm & Haas Co., Philadelphia, PA 19105. 
Amberlite XE-69 (also known as IRP-69), Rohm & Haas Co., Philadelphia, 


PA 19105. 
NF grade, Dow Chemical Co., Midland, Mich. 
Durkee Foods Division, SCM Corp., Rockville Center, NY 11570. 
Union Carbide Co.. New York, NY 10017. 
Wurster, Dairy Equipment Corp., Madison, Wis. 


7 Model 72 R 115, Hanson Research Corp., Northridge, CA 91324. 
8 The following material describes the procedures for phenylpropanolamine 


dissolution. Other drugs were similarly tested spectrophotometrically at suitable 
wavelengths using appropriate amounts of samples. 


Kimble Glass Co., Division of Owens-Illinois, Montclair, NJ 07042. 
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X 10 cm i.d.). A three-bladed polyethylene propeller stirrer (2.5-cm blade 
size) was positioned just below the surface of the dissolution medium and 
rotated at 50 rpm. The temperature of the medium was allowed to rise 
to 37 f 0.5'. A filtering device, consisting of an -1-cm syringe filter 
holderlo with a small cotton plug, enabled the dissolution medium to filter 
into a glass tube from which it was pumped through a polyethylene tube 
into a 1-cm path flow-through cell of an eight-channel recording spec- 
trophotometer" and back to the dissolution vessel for continuous mon- 
itoring and recording on a moving chart. The assembly was set up to 
monitor and record six samples and one standard every 5 min at  257 nm 
and 0.5A attenuation. 


Samples of phenylpropanolamine-resin complex equivalent to 90.6 
mg (60 mg for a 5-cm cell) of phenylpropanolamine were added to each 
dissolution vessel. A phenylpropanolamine standard was run simulta- 
neously. The drug in solution then was expressed as a percentage of the 
total drug present in the resin complex particles. Earlier experiments were 
carried out with a two-channel spectrophotometer12 using a 5-cm flow- 
through cell a t  60 rpm. 


Procedure for Phenylpropanolamine-Resin Complex Dosage 
Forms-Cupsules-The contents of a single capsule (containing resin 
complex product equivalent to 30.2 mg of phenylpropanolamine) were 
emptied into 168 ml of 0.1 N HCl contained in the dissolution vessel, and 
dissolution started. Several such dissolution runs were set up. The tests 
were carried out as described previously without the spectrophotometric 
monitoring. Dissolution was terminated at  0.5, 1, 3, and 5 hr, and the 
samples were immediately filtered free of the resin particles through 
medium-porosity sintered-glass funnels. The filtrates were assayed for 
phenylpropanolamine by the GLC technique to be described, 


Suspensions-Fifteen milliliters of the suspension (containing resin 
complex product equivalent to 90.6 mg of phenylpropanolamine) was 
transferred to a medium-porosity sintered-glass funnel and washed free 
of the vehicle with two 30-ml quantities of distilled water. The resin then 
was transferred quantitatively to the dissolution vessel with 450 ml of 
distilled water; then 1 N HCl (50 ml) was added, and dissolution was 
started. Several such dissolution runs were set up and completed as de- 
scribed under Capsules. The filtrates were assayed for phenylpropa- 
nolamine by GLC. 


GLC Assay for Phenylpropanolamine-Fifty milliliters of the fil- 
tered dissolution medium was added to a 125-ml separator, and 2 ml of 
~ W O  NaOH was added and mixed. This mixture then was extracted with 
four portions of chloroform (20, 10,8, and 8 ml); the chloroform layers 
were collected in a 50-ml volumetric flask, and the volume was adjusted. 
Two microliters of the sample or of a similarly prepared standard (126 
Fg/ml) was injected in a suitable gas ~hromatograph'~ for potency assay. 
The 183-cm X 2-mm g l a d 4  column was packed with 3% OV-225 on 
100-120-mesh Gas Chrom Q, and the flow rate of the helium carrier gas 
was 40 ml/min. The column oven was maintained at  190°, the injection 
port temperature was 220°, and the flame-ionization detector was a t  
290O. 


Determination of Water Uptake Time-Five grams of the resin or 
resin mixture was packed lightly in a 25-ml graduated cylinder with 
tapping. The initial volume of the mixture was noted. Deionized water 
(4 ml) was delivered to the top of the packed surface from a pipet held 
2 cm away from the surface. The time, in seconds, required for the water 
layer to disappear completely was noted. At least two determinations were 
done for each mixture. 


Apparent Specific Volume Determination- 
1. Five grams of the resin was placed in a 15-ml graduated centrifuge 


tube. The tube was tapped to allow the resin to settle. When no more 
settling was noticed, the volume of the resin was noted, and the apparent 
specific volume of the resin was calculated. 


2. Distilled water (10 ml) was added to the 15-ml centrifuge tube 
containing 5 g of the resin, and the contents were shaken and allowed to 
settle for 12 hr at either 23 or 97". The volume of the resin then was de- 
termined, and the apparent specific volume of the resin was calculated 
for each temperature. 


3. Melted polyethylene glycol 4000 (10 ml) was added to a centrifuge 
tube containing 5 g of the resin, and the contents were shaken and allowed 
to settle for 12 hr at 97'. The volume of the resin then was determined, 
and the apparent specific volume was calculated. 


Microscopic Examination-The particles were examined using a 


~ 


10 Millipore Corp., Bedford, MA 01730. 
11 Model 25, Beckman Instruments Co., Irvine, CA 92664. 
lP Model DK-PA, Beckman Instruments Co., Irvine, CA 92664. 
13 Model 7610A, Hewlett-Packard, Avondale, PA 19311. 
l4 Pyrex. 


low-power binocular microscope (objective X 3  and eyepiece X10). 
Particle-Size Determination-Two grams of the sample was placed 


on the top screen of a nest of suitable sieved5, and the sifter was agitated 
for 15 min. The weight of the fractions retained on the screens was ob- 
tained. Particle sizes ( d )  at  specific weight percents (16,50, and 84) were 
obtained from a log probability plot of the data as described by Ed- 
mundson (14). These particle sizes are described later as d16, d50, and 
d84. 


Preparation of Resin-Drug CompleTes-The resin-drug complexes 
were prepared by the batch process as described by Keating (2). 


The gel-type divinylbenzenesulfonic acid cation-exchange resin (either 
the large or small particle type) of hydrogen form was slurried in deion- 
ized water. Phenylpropanolamine base or any drug in its basic form was 
added to the resin slurry with agitation. The resin-drug complex was 
formed by the addition reaction. It was washed free of any unreacted drug 
with deionized water and dried in a fluid bed drier or tray drier a t  60'. 
The dried, small particle resin-drug complex then was screened through 
a 60-mesh screen. The large particle resin-drug complex was screened 
through a 10-mesh screen. A drug load of -33% was obtained with phe- 
nylpropanolamine using either resin. 


The gel-type divinylbenzenesulfonic acid cation-exchange resin (either 
the large or small particle type) of sodium form was slurried in deionized 
water. Phenylpropanolamine hydrochloride or any drug in its salt form 
was added to the resin slurry with agitation. The resin-drug complex was 
formed by the exchange reaction. It was washed free of the exchanged 
salt and any free drug with deionized water. The washed resin-drug 
complex was dried and screened as described for a drug in its basic form. 
A drug load of -25% was obtained with phenylpropanolamine using the 
fine particle resin. 


Polyethylene Glycol Treatment of Resin-Drug Complex-The 
resin-drug complex was transferred to a suitable mixer and mixed with 
an aqueous solution of polyethylene glycol 4000. The ratio of drug-resin 
complex to polyethylene glycol 4000 varied from 4 1  to 51, depending 
on the resin-drug complex. The polyethylene glycol 4000-treated large 
particle resin-drug complex was used for coating directly. The treated 
fine particle resin-drug complex was dried in a fluid bed drier or tray drier 
to a moisture content of -6% and then was screened through a 60-mesh 
screen before being coated. 


Preparation of Coated Resin-Drug Complex-The polyethylene 
glycol 4000-treated resin-drug complex (core material) was transferred 
to a suitable coating apparatus6. A 15.24-cm coater handled -500-600 
g of the core material; a 45.72-cm coating apparatus could handle 15-25 
kg. The core material then was coated with ethylcellulose-vegetable oil 
(2.51) in methylene chloride-acetone (101). Smaller batches were coated 
using ethanol as the solvent. The coated materials were screened using 
vibratory screens. 


Preparation of Resin-Drug Complex Mixtures-The drug release 
rates and assays on the mixture components, i.e., the phenylpropanol- 
amine-resin complex (or any other resin-drug complex) and the coated 
phenylpropanolamine-resin complex (or any other coated resin-drug 
complex) were obtained. The ratio of the mixture components required 
for a desired drug release profile was calculated. Resin-drug complex 
mixtures were prepared by mixing suitable quantities of coated and un- 
coated resin-drug complexes. The resin-drug complex mixture was as- 
sayed for drug content and drug release rate to determine its suitability 
for sustained-release dosage form preparation. 


Preparation of Capsule Dosage Forms-The fine particle resin- 
drug complex mixture was mixed with excipients and other drug-resin 
complexes (if any). The mix then was filled into suitable capsules using 
a capsule-filling machine. The phenylpropanolamine-resin complex 
mixture was mixed with excipients and chlorpheniramine-resin complex 
and filled into No. 3 capsules. 


Each capsule contained the equivalent of 37.5 mg of phenylpropa- 
nolamine hydrochloride and 4 mg of chlorpheniramine maleate. The adult 
sustained-release dose was designed as two capsules to be taken every 
1 2  hr, providing drugs equivalent to 75 mg of phenylpropanolamine hy- 
drochloride and 8 mg of chlorpheniramine maleate. The large particle 
resin-drug complex mixtures were used similarly in the preparation of 
capsules in earlier developmental work. 


Preparation of Suspension Dosage Forms-The fine particle 
resin-drug complex mixture and other resindrug complexes (if any) were 
suspended in a palatable, flavored vehicle containing suitable suspending 
agents. Phenylpropanolamine-resin complex mixture and chlorphenir- 
amine-resin complex were suspended in a fruit-flavored vehicle. Each 


15 Allen Bradley sonic sifter, Fisher Scientific Co., Pittsburgh, PA 15219. 
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MINUTES 
Figure I-Mean release profile of pnenyipropanolamine in 0.1 N HC1 
at  60 rpm. Key: 1, uncoated large particle phenylpropanolamine-resin 
complex; and 2, uncoated fine particle phenylpropanolamine-resin 
complex. 


5 ml of this flavored and palatable suspension contained the equivalent 
of 37.5 mg of phenylpropanolamine hydrochloride and 4 mg of chlor- 
pheniramine maleate. The adult sustained-release dose was designed as 
10 ml to be taken every 12 hr, which is equivalent to 75 mg of phenyl- 
propanolamine hydrochloride and 8 mg of chlorpheniramine maleate. 


Bioavailability Studies-Details of the bioavailability protocols were 
reported elsewhere (15). 


RESULTS AND DISCUSSION 


Variables Affecting Drug Release from Resin-Drug Complex 
Particles-Figure 1 shows the effect of particle-size differences on the 
release of phenylpropanolamine in 0.1 N HCl uncoated large resin-drug 
complex particles (590-800 pm) and uncoated, irregularly shaped 
resin-drug complex particles with d50 of 80-95 pm. The drug loads in 
the two resin-drug complexes were -33%. About 48% drug release was 
observed in 30 min from the large resin-drug complex particles, whereas 
72% was released in the same time from the finer resin-drug particles. 


Figure 2 shows the comparative release in 0.1 N HCl of phenylpropa- 
nolamine and chlorpheniramine from fine particle resin-drug complexes 
containing a 25% drug load. Drug release from the chlorpheniramine- 
resin complex was only 7.5% in 2 hr, indicating that the equilibrium 
concentration for this complex in 0.1 N HCl was low. Release of phe- 
nylpropanolamine, on the other hand, from its resin complex was -82% 
in the same time, indicating a high equilibrium concentration for this drug 
at 0.1 M ionic concentration. Increasing the ionic concentration to 
0.4 M shifted the equilibrium concentration toward more complete 
drug release with the chlorpheniramine-resin complex (Fig. 3); -72% 
chlorpheniramine was released in 2 hr. About 98% phenylpropanolamine 
was released from its resin complex in 2 hr in a 0.4 M dissolution me- 
dium. 


Chlorpheniramine was completely bioavailable from this resin-drug 
complex in the present study. However, the significant difference ob- 
served in the in vitro release of chlorpheniramine due to ionic concen- 
trations was not reflected in uivo (15). This result was perhaps due to the 
continuous absorption of released drug into the blood, resulting in a lower 
GI drug concentration, which, in turn, permitted more drug release. It 
was perhaps also due to the higher ionic concentration in the GI tract and 
to the continuous passage of the resin through the GI tract. 
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HOURS 
Figure 2-Mean release profile of phenylpropanolamine and chlor- 
pheniramine in 0.1 N HC1 at  50 rpm. Key: 1,  uncoated fine particle 
phenylpropanolamine-resin complex; and 2, uncoated fine particle 
chlorpheniramine-resin complex. 
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HOURS 
Figure 3-Mean release profile ot pnenylpropanolamine and chlor- 
phenirarnine in 0.4 M KC1 solution at  50 rpm. Key: I ,  uncoated fine 
particle phenylpropanolamine-resin complex; and 2, uncoated fine 
particle chlorpheniramine-resin complex. 


Coating Studies-The results indicated the need for a diffusion 
barrier coating for the phenylpropanolamine-resin complex to modify 
the drug release profile, particularly with the fine particle drug-resin 
complex, essential for formulation of a sustained-release liquid dosage 
form. 


Ethylcellulose 50 cps NF was selected as the diffusion barrier film since 
it is commercially available in pharmaceutical grade. Preliminary studies 
with the agent indicated the need for a plasticizer to improve film 
toughness. 


Coating by spray drying a suspension of the fine particle resin-drug 
complex using a coating solution of ethylcellulose in methylene chloride 
was attempted. The process did not provide efficient coating, and no 
retardation of drug release was noticed. Therefore, a fluid bed technique 
was tried using the coating apparatus6. Initial experiments were carried 
out with the large particle phenylpropanolamine-resin complex. 


The gel-type divinylbenzenesulfonic acid resins (both the large and 
fine particles) swell when placed in water and shrink in volume when 
dried. This property was a disadvantage for obtaining a good diffusion 
barrier coating on the resin-drug complex particles. The coating peeled 
from the particles as soon as they were suspended in the dissolution 
medium because they absorbed the medium too rapidly and became 
swollen. Attempts to coat the particles in the wet stage (and the swollen 
form) failed because the particles did not fluidize satisfactorily in the 
coating apparatus. They also lost water to air by evaporation during 
fluidization and coating and thus ended up being in their shrunken state. 
Maintenance of high humidity in the coating chamber helped but did not 
overcome the problem of fluidization, In any case, the coated particles 
did not show significant retardation in drug release. 


Therefore, it was thought necessary to fill the resin-drug complex 
matrix, at least partially, with an agent that had hydroalcoholic proper- 
ties, was a solid and relatively nonvolatile, and was water miscible. The 
polyethyhe glycols and sugars seemed to possess these properties. 
Polyethylene glycol 4000 was tried as a treatment agent initially, and it, 
improved the coating efficiency and thereby retarded drug release. Other 


Table I-Water Uptake Time for  Fine Particle 
Phenylpropanolamine-Resin Complex Pretreated with Various 
Aeents 
- 


Water Water 
Uptake Layer 


Percent Time", at End 
Agent Added sec of Time 


No additive 0 36 None 
Polyethylene glycol 4000 2 208 None 


20 1149 Present 
Propylene glycol 20 >240 Present 
Mannitol 20 96 None 
Lactose, anhydrous 20 108 None 
Methylcellulose 2 330 None 


20 >600 Present 
Gelatin 2 20 None 


20 23 None 
Talc 20 73 None 


a 25-ml graduated cylinder. 
0 Uptake time (mean value) for 4 ml of water by 5 g of mixture gently packed in 
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Table 11-Apparent Specific Volume of Fine Particle Resins or  Resin-Drug Complex in Various Media 


Material 


Apparent 
Specific Increase in Volume 


Temper- Volume, over Volume in Air a t  
Medium ature m l k  Same Temperature, % 


~ ~~ ~ ~~ ~~ ~~ - 
Fine particle resin Air 


Air 
Water 
Water 
Polyethylene 


glycol 4000 


Water 


Water 


Fine particle phenylpropanolamine-resin complex Air 


Fine particle henylpropanolamine-resin complex Air 
treated wit[ polyethylene glycol 4000 


~ 


23' 
97' 
23' 
97O 
97' 


23' 
23' 
23' 
23' 


1.380 
1.460 
1.750 
2.100 
1.480 


1.458 
1,875 
1.620 
1.750 


- 
- 


26.8 
43.8 


1.4 


- 
28.6 


8.0 
- 


Table 111-Water Uptake Time for Ethylcellulose-Coated Large 
and Small Particle Phenylpropanolamine-Resin Complex 


Water Water 
Uptake Layer 
Time", a t  End 


Agent sec of Time 


Large particle complex 
Without polyethylene glycol 4000 192 None 
With Dolvethvlene alvcol4000 580 None 


Small partihe iomplek- 
Without polyethylene glycol 4000 511 None 
With polyethylene glycol 4000 1800 Present 


a Uptake time (mean value) for 4 ml of water by 5 g of material gently packed 
in a 25-ml graduated cylinder. 


agents were screened for their suitability for mixing with the resindrug 
complex particles by determining their effects on the water uptake time 
of the resins. Additional studies were carried out with phenylpropanol- 
amine-resin complex treated with polyethylene glycol 4OOO to understand 
the mechanism. 


Table I gives the water uptake times for various agents mixed with fine 
particle phenylpropanolamine-resin complex. Polyethylene glycol 4000, 
propylene glycol, and methylcellulose increased the water uptake times 
significantly. Talc, mannitol, and lactose provided some increase. Of the 
agents tested, polyethylene glycol 4000 retarded the water uptake time 
the most. Gelatin appeared to decrease the water uptake time. 


Table I1 gives the apparent specific volumes in air and in water for the 
fine particle resin and the corresponding resin-drug complex of phe- 
nylpropanolamine pretreated with polyethylene glycol 4000. The un- 
treated fine particle resin increased in volume in water by 26.8% at 23' 
and by 43.3% at 97'. The same resin, when placed in melted polyethylene 
glycol 4000 at  97', showed an increase of only 1.4% in volume. The fine 
particle phenylpropanolamine-resin complex treated with 20% poly- 
ethylene glycol increased in volume by only 8% when placed in water 
compared to the 28.6% increase of the untreated material. 


Microscopic examination of the coated and uncoated resin-drug 
complex particles was made. Large particles of phenylpropanolamine- 
resin complex were spherical in shape. These uncoated particles wetted 


. -  
MINUTES 


Figure 4-Mean release profile of phenylpropanoktmine in 0.1 N f€C1 
at 60 rpm. Key: 1 ,  uncoated large particle phenylpropanolamine; 2, 
ethylcellulose-coated large particle phenylpropanolamine-resin 
complex without polyethylene glycol 4000 treatment; and 3, ethylcel- 
lulose-coated large particle phenylpropanolamine-resin complex with 
polyethylene glycol 4000 treatment. The coating level was 5.7% ethyl- 
cellulose. 
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MINUTES 
Figure 5-Mean release profile of phenylpropanolamine in 0.1 N HCl 
at 60 rpm. Key: 1, uncoated fine particle phenylpropanolamine-resin 
complex; 2 ,  ethylceltulose-coated fine particle phenylpropanol- 
amine-resin complex without polyethylene glycol 4000 treatment; and 
3, ethylcellulose-coated fine particle phenylpropanolamine-resin 
complex with polyethylene glycol 4000 treatment. The coating level was 
11.4 % ethylcellulose. 


easily with water and enlarged in diameter. The ethylcellulose-coated 
particles were also spherical. They did not wet with water easily, nor did 
they change in shape or size significantly. The fine particle phenylpro- 
panolamine-resin complex and the corresponding ethylcellulose-coated 
particles behaved like the spherical resin-drug particles. The coated 
particles were pretreated with polyethylene glycol. 


Table 111 presents the water uptake times observed with ethylcellu- 
lose-coated resin-drug complex particles with and without polyethylene 
glycol pretreatment. The water uptake times observed for the pretreated 
particles were much larger than those for untreated particles. These re- 
sults agree with the microscopic observations. 


Drug Release from Coated Resin-Drug ComplexegFigwes 4 and 
5 show the drug release profiles observed with ethylcellulose-coated 
phenylpropanolamine-resin complex particles with and without poly- 
ethylene glycol 4000 treatment. About 28 and 42% of phenylpropanol- 
amine were released in 1 hr from the coated, treated large particle phe- 
nylpropanolamine-resin complex and coated, untreated particles, re- 
spectively. These particles were coated with 5.7% ethylcellulose. About 
45 and 87% of phenylpropanolamine were released in 1 hr from the coated, 
fine particle phenylpropanolamine-resin complex treated with poly- 
ethylene glycol 4000 and those untreated, respectively. These particles 
were coated with 11.4% ethylcellulose. The effect of polyethylene glycol 


Table IV-Phenylpropanolamine Release in 0.1 N HCI from 
Coated and Uncoated Fine Particle Phenylpropanolamine-Resin 
Complex Used in  Mixtures Listed in Table V 


Percent Released 
Time Coated Coated Uncoated 


Lapsed, (Lot (Lot (Lot 
hr 825-594PD) 846-715PD) 842-349RC) 


0.5 22.9 27.5 70.3 
1.0 31.4 40.6 76.0 
2.0 37.3 54.9 79.1 
3.0 42.7 61.8 80.5 
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Table V-Phenylpropanolamine Release in 0.1 N HC1 from Phenylpropanolamine-Resin Complex Mixtures Used in Bioavailability 
Test Suspensions 


Percent Released 
Mixture Lot Mixture Lot Mixture Lot Mixture Lot Mixture Lot 


850-201-PDa 850-202PD * 850-203PDc 850-204PDd 843-988PDe 
(Mixture Componente: (Mixture Components: (Mixture Components: (Mixture Components: (Mixture Components: 
846-7151842-349; 846-7151842-349; 846-7151842-349; 846-7151842-349; 825-5941842-349; 


Time Ratio, % coated to Ratio, % coated to Ratio, % coated to Ratio, %.coated to Ratio, % coated to 


hr Calc. Ohs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. 
Lapsed, uncoated 82.517.5) uncoated 6535) uncoated 4555) uncoated 7525) uncoated 8317) 


0.5 35.0 37.6 42.5 42.7 51.1 57.6 38.2 40.3 30.9 26.4 
1.0 46.8 48.8 53.0 52.5 60.1 63.9 49.5 50.1 39.0 37.7 
2.0 59.1 59.7 63.4 58.8 68.2 73.0 61.0 60.7 44.4 47.2 


65.1 66.5 68.4 64.6 72.1 77.9 66.4 65.7 49.1 51.0 
- 72.6 - 69.9 - 84.4 - 72.8 - 56.0 


3.0 * 


6.0 - 75.8 - 72.2 - 87.2 - 74.6 - 58.0 
5.0 


Used in Suspension D. * Used in Suspension B. c Used in Suspension C. d Used in Suspension A. Used in Suspension E. 


I 1 


20 U 2 
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Figure 6-Mean release profile of phenylpropanolamine in 0.1 N HCl 
at 60 rpm from fine particle phenylpropanolamine-resin complex at 
various coating levels of ethylcellulose. Key: 1,11.4%; 2,21.0%;and 3, 
28.25 % . 


4000 pretreatment is evident in the slower drug release from these coated 
particles. 


Figure 6 shows the effect of ethylcellulose coating levels on the release 
of phenylpropanolamine from the coated fine particle drug-resin com- 
plex. The drug release at  the end of 2 hr was 57,10, a i d  7.0% with ethyl- 
cellulose coating levels of 11.4,21.0, and 28.3%, respectively. The effect 
of the coating levels in retarding drug release is evident. 


Figure 7 shows the drug release from ethylcellulose-coated and un- 
coated fine particle dextromethrophan-resin complex. The coated par- 
ticles were pretreated with polyethylene glycol 4000. Retardation of drug 
release in the coated particles was seen. 


Effect of Coating on Particle Size-The coated fine particle phe- 
nylpropanolamine-resin complex particles were generaIly between 40 
and 200 mesh (74-420 pm). For example, a 30-kg batch coated with 11.4% 
ethylcellulose in a 45.72-cm coating apparatus had particle-size values 
for d16, d50, and d84 of 184, 123, and 82 pm, respectively. The corre- 
sponding d16, d50, and d84 values for uncoated fine particle phenyl- 
propanolamine-resin complex particles were 140, 94, and 61 pm, re- 
spectively. 


Drug Release from Dosage Forms-Mixtures of coated and un- 
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Figure 7-Mean release profile of dertromethorphan in 0.1 N HC1 at 
60 rpm from fine particle dextromethorphan-resin complex at various 
coating levels of ethylcellulose. Key: 1, uncoated; 2,6.22% ethylcellulose; 
and 3,8.93% ethylcellulose. 


0 :  I 1 I I I I 


0 1 2 3 4 6 6  
HOURS 


Fmre 8-Mean release profile of phenylpropanolamine from mixtures 
of varying ratios of coated and uncoated fine particle phenylpropa- 
nolamine-resin complex in 0.1 N HCl at 50 rpm. Key: A, mixture lot 
850-204PD used in Suspension A; B ,  mixture lot 850-202PD used in 
Suspension B; C ,  mixture lot 850-203PD used in Suspension C; D ,  
mixture lot 850-201PD used in Suspension D; and E ,  mixture lot 843- 
998PD used in Suspension E. 


coated fine particle phenylpropanolamine-resin complex were prepared 
with desirable release profiles. Tables IV and V show the release of 
phenylpropanolamine from the components and several mixtures used 
in the preparation of Suspensions A-E for bioavailability studies. The 
observed release values for the mixtures are in close agreement with the 
values calculated by adding proportionate release values of components 
of the mixtures, indicating that mixing of coated and uncoated resin-drug 
complex is a reliable technique for obtaining desired release profiles. 


Figure 8 presents graphically the drug release profiles of the mix- 
tures. 


Figure 9 shows the release of phenylpropanolamine from Suspensions 
A, C, and E made with mixtures shown in Fig. 8. Good agreement of the 
drug release profiles between the mixtures and the corresponding SUS- 
pension dosages is seen. 


Figure 10 shows the release of phenylpropanolamine from one exper- 
imental production batch of capsules and suspensions after storage for 
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Figure 9-Mean release profile of phenylpropanolamine from Sus- 
pensions A ,  C ,  and E in 0.1 N HC1 at 50 rpm. Key: 1 ,  Suspension C; 2 ,  
Suspension A; and 3,  Suspension E. 
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once every 12 hr for 2 weeks (dosage equivalent to 75 mg of phenylpro- 
panolamine hydrochloride and 8 mg of chlorpheniramine maleate) were 
not significantly different from those obtained with a solution of the drugs 
administered once every 6 hr (in dmes of 37.5 mg of phenylpropanolamine 
hydrochloride and 4 mg of chlorpheniramine maleate). The resin complex 
products were sustained-release products providing effective plasma 
concentrations for 12 hr. 


In the variable profile bioavailability study with suspensions of phe- 
nylpropanolamine-resin complex mixtures listed in Table V, Suspension 
C gave the highest plasma phenylpropanolamine peak concentration 
while Suspension E gave the lowest. Figure 11 shows a plot of the 3-hr 
in uitro release values of phenylpropanolamine for the mixtures uersus 
the peak plasma concentrations obtained with Suspensions A-E. There 
is good correlation between phenylpropanolamine release and plasma 
peak concentration. Similar correlations were obtained with plots of drug 
release for 0.5,1,2, and 5 hr against the peak plasma concentrations. The 
areas under the plasma concentration curves and the time to peak ob- 
tained with these products also showed rank-order correlation. 


The results suggest that a desired plasma concentration profile of 
phenylpropanolamine may be obtained by mixing coated and uncoated 
phenylpropanolamine-resin complex in suitable ratios to produce specific 
drug release profiles. These corielations have been used to help establish 
product specifications for the finished dosage forms. . 
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Figure LO-Mean release profile of phenylpropanolarnine from dosage 
forms in 0.1 N HCl at 50 rpm. Key: 1, capsule lot 855-101PD after 647 
days; 2, mixture lot 850-204PD used in Suspension A; 3, suspension lot 
847-576PD after 669 days; and 4, mixture lot 846-748PD (initial ualue 
at 60 rpm) used in the experimental production batches of capsules and 
suspensions. 
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Figure 1 I-Relationship between the mean peak plasma concentration 
for phenylpropanolamine (obtained with Suspensions A-E) and mean 
3-hr drug release ualues for mixtures used in these suspensions asgiuen 
in Table V. 


647 and 669 days, respectively. The drug release profiles of the mixture 
used in Suspension A in the bioavailability studies as well as the mixture 
used in the preparation of the experimental batches are included. Good 
agreement of the drug release profiles between the mixtures and dosage 
forms is seen. 


Bioavailability Studies-The results of the bioavailability studies 
were discussed elsewhere (15). 


Plasma concentrations of phenylpropanolamine and chlorpheniramine 
obtained from capsules and suspension dosage forms made with coated 
and uncoated mixtures of fine particle phenylpropanolamine-resin 
complex and fine particle chlorpheniramine-resin complex administered 
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Abstract Antiserum to d-pseudcephedrine was raised in New Zealand 
White rabbits in response to immunization with a conjugate of bovine 
serum albumin and d-pseudoephedrine-N-3-propionic acid. The hapten 
was prepared by reaction of methyl acrylate with d-pseudoephedrine, 
followed by ester hydrolysis. Sodium b ~ r o [ ~ H ]  hydride reduction of d l  - 
ephedrone gave [c~-~H]-dl-ephedrine, and a Welsh rearrangement with 
acetic anhydride followed by deacetylation gave [c~-~H]-dl-pseudo- 
ephedrine, which was used as a radioligand in radioimmunoassay pro- 
cedures for direct plasma analyses. Three sensitive radioimmunoassay 
procedures were developed, two using [3H]pseudoephedrine as the ra- 
dioligand and either adsorption on coated charcoal or polyethylene glycol 
precipitation for separation of antibody-bound from free radioligand. 
The third method used an [1251]tyrosine methyl ester analog of pseudo- 
ephedrine and charcoal separation, preceded by extraction and deriva- 
tization of pseudoephedrine with methyl acrylate. All three assays could 
detect 52.5 ng of pseudoephedrine/ml. The antiserum was stereospecific, 
showing low cross-reactivities with I-pseudoephedrine and d-  and l -  
ephedrines. d-Norpseudoephedrine and some other related compounds 
also had low cross-reactivity in these radioimmunoassay procedures. 
Excellent agreement was found between pseudoephedrine concentrations 
in human plasma determined by radioimmunoassay and by a standard 
GLC method. The utility of radioimmunoassay was illustrated by ap- 
plication of one of these procedures to an assessment of the bioequiva- 
lence of immediate- and sustained-release pseudoephedrine formulations 
in normal volunteers. A sustained-release preparation containing 120 mg 
of pseudoephedrine hydrochloride given every 12 hr was shown by AUC 
comparisons to be bioequivalent to an immediate-release tablet (con- 
taining 60 mg of pseudoephedrine hydrochloride) given every 6 hr. 


Keyphrases 0 Radioimmunoassay-d-pseudoephedrine, human 
plasma, bioequivalency studies, immediate- and sustained-release tablets 
o d-Pseudoephedrine-radioimmunoassay, bioequivalency studies, 
immediate- and sustained-release tablets Bioequivalency studies- 
radioimmunoassays of d-pseudoephedrine in human plasma, bioequiv- 
alency studies, immediate- and sustained-release tablets 0 Adrener- 
gics-radioimmunoassays for d-pseudoephedrine in human plasma, 
bioequivalency studies, immediate- and sustained-release tablets 


&Pseudoephedrine was first isolated from the Chinese 
plant Ma Huang by Chou and Read (1) in 1926, and 
studies of its pharmacology started soon thereafter (2,3). 
Although pseudoephedrine is in widespread use as a 
proven, clinically effective nasal decongestant ( P 6 ) ,  little 
published information is available on its disposition and 
pharmacokinetics in human plasma following adminis- 
tration of therapeutic doses. Studies have examined ki- 


netics chiefly from the viewpoint of urinary excretion (7-91, 
which is liable to be influenced by alterations in urinary 
pH (8). Such indirect studies were necessitated by the lack 
of methods sufficiently sensitive to detect the relatively 
low circulating concentrations of pseudoephedrine in 
plasma following therapeutic doses. 


Reported GLC procedures (7,10, and 11) were capable 
of detecting only 0.3-0.5 pg of pseudoephedrinelml. Even 
with nitrogen detection, Bye et al. (12) were able to lower 
the sensitivity limit only to 25 ng/ml. Kuntzman et al. (8) 
reported a procedure that involved esterification of iso- 
lated pseudoephedrine with tritiated acetic anhydride 
followed by separation and quantitation of the resulting 
radioactive product. Although capable of detecting 50 ng 
of pseudoephedrine/ml of plasma, this method is still rel- 
atively insensitive and time consuming. A study (13) of 
plasma pseudoephedrine levels relative to efficacy, using 
a GLC method for drug determination, was able to deter- 
mine plasma concentrations up to 6 hr following a 60-mg 
oral dose of pseudoephedrine hydrochloride. 


This report describes the development of a specific an- 
tiserum to pseudoephedrine and its application to three 
specific radioimmunoassay procedures for the drug. Two 
procedures are direct and employ a tritium-labeled ra- 
dioligand; the third requires extraction and derivatization 
of the drug prior to assay but employs a y-labeled radio- 
ligand. The sensitivity limits of these procedures are <2.5 
ng of pseudoephedrine/ml in all cases. Their use for drug 
disposition studies following oral administration of both 
immediate- and sustained-release pseudoephedrine 
preparations is illustrated. 


EXPERIMENTAL 


Melting points’ are uncorrected. ‘H-NMR spectra2 were obtained in 
deuterochloroform with tetramethylsilane as the internal standard unless 
otherwise indicated. Low-resolution mass spectra3 were obtained by 


I Thomas-Hoover apparatus, Arthur H. Thomas Co., Philadelphia, Pa. 
2 Model R-24A, Perkin-Elmer Corp., Norwalk, Conn. 


Model MAT 731 or CHBDF, Varian Associates, Palo Alto, Calif. 
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electron-ionization methods. TLC plates were precoated silica gel4 with 
a layer thickness of 0.25 mm. Radiochemical purities were determined 
by scanning the TLC plates using a radiochromatogram scanner5. Bovine 
serum albumin (Cohn Fraction V), l-ethyl-3-(3-dimethylaminopropyl)- 
carbodiimide hydrochloride, tyrosine methyl ester, and dicyclohexyl- 
carbodiimide were purchased from a commercial supplier6. 


Radioimmunoassay grade charcoal7 was used in the radioimmunoassay 
separation system. Sodium [1251]iodide (carrier free) and sodium 
b~ro[~H]hydride (specific activity 28 Ci/mmole) were obtained com- 
mercially8. Methyl acrylateg, chloramine-Tg, Freund's complete adju- 
vantl0, and polyethylene glycol 600011 were commercial products. 
Quantitation of radioactivity was in liquid scintillation fluidI2. Radio- 
activity was determined in a liquid scintillation counter13 or y-counter14, 
as appropriate. Ephedrine, pseudoephedrine, and related compounds 
were commercially suppliedI5. 


d-Pseudoephedrine-N-3-propionic Acid Methyl Ester (11)-To 
d-pseudoephedrine free base (I, 1.65 g, 0.01 mole) in absolute ethanol (25 
ml) containing triethylamine (1.03 g, 0.012 mole) was added methyl ac- 
rylate (1.03 g, 0.012 mole), and the sealed mixture was stirred at  room 
temperature overnight. The volatile components were evaporated under 
reduced pressure, leaving an oily residue that slowly crystallized from 
n-pentane to give a colorless solid (2 g), mp 37'; N M R  6 7.3 (s, 5H, aro- 
matic H), 4.7 (d, lH,  J = 1.5 Hz, a-H), 3.6 (s, 3H, COOCHs), 3.3 (m, 5H), 
2.8 (s, 3H, N-CH3), and 1.0 (s, 3H, C-CH3) ppm; mass spectrum: mlz 220 
(M - CHs), 178 (M - CH~COOCHB), and 144. 


And-Calc. for C14H21N03: C ,  66.90; H, 8.42; N, 5.57. Found: C, 67.78; 
H,  8.57; N, 5.61. 


d-Pseudoephedrine- N-3-propionic Acid Sodium Salt (111)-The 
crystalline ester I1 (2 g) was dissolved in warm 2 N NaOH (10 ml) and 
stirred for 2 hr. Upon cooling, the sodium salt of the acid derivative 
separated and was filtered. The yield was 1 g of amorphous powder, mp 
>200' dec.; NMR (deuterated dimethyl sulfoxide): d 7.25 (s, 5H, aromatic 
H),  5.5 (s, lH) ,  4.25 (d, lH,  J = 1.5 Hz, a-H),  2.5 (m, 6H), 2.2 (s, 3H, 
N-CH3), and 0.6 (d, 3H, J = 1.5 Hz, C-CH3) ppm; mass spectrum: mlz 
282, (free acid anion-' Na2+)+, 541 (L, N-CH3), (anion2-. Na3+)+, and 
800, (anion3-. Na4+)+. 


d-Pseudoephedrine- N-3-propionic Acid-Bovine Serum Albumin 
Amide (1V)-The pH of a solution of the salt of acid I11 (0.1 g, 0.4 mM) 
and bovine serum albumin (0.1 g) in water (15 ml) was adjusted to 5.5 with 
dilute hydrochloric acid. l-Ethyl-3-(3-dimethylaminopropyl)carbodi- 
imide hydrochloride (0.1 g) was added, and the solution was stirred at  
room temperature for 20 hr. The immunogen was purified by ultrafil- 
trationI6. The solution was lyophilized, and the powdery protein residue 
was stored over desiccant a t  -80'. 
d-Pseudoephedrine-A'-3-propionic Acid-Tyrosine Methyl Ester 


Amide (1Va)-A solution of d-pseudoephedrine-N-3-propionic acid 
(0.6 g, 1.8 mM) and tyrosine methyl ester free base (0.35 g, 1.8 mM) was 
prepared in acetonitrile (3 ml) and dimethylformamide (1 ml). Sufficient 
water and dilute hydrochloric acid were added to achieve a homogeneous 
solution (pH 6). The solution was cooled to O', a solution of dicyclohex- 
ylcarbodiimide (0.49 g, 2.2 mM) in cold dimethylformamide (0.8 ml) was 
added, and the reaction mixture was stirred at  0' overnight. After fil- 
tration, the solution was added to a mixture of tetrahydrofuran (100 ml), 
acetic acid (15 drops), ethanol (15 ml), and triethylamine (1 ml) to destroy 
excess dicyclohexylcarbodiimide. Stirring was continued for 1 hr a t  room 
temperature. The solution was filtered, and the filtrate was evaporated 
under reduced pressure. 


The residue was dissolved in chloroform (100 ml) and filtered, and the 
solution was extracted with 5% sodium bicarbonate (2 X 25 ml) and then 
with 0.1 N HCl(2 X 25 ml). The aqueous acid extract was made basic with 
excess sodium carbonate and extracted into chloroform (3 X 50 ml), and 
the solvent was dried with magnesium sulfate and clarified with charcoal 
prior to being evaporated. A methanol solution of the residue was applied 
to silica gel plates (0.5 mm, 20 X 20 cm) and developed in ethylene di- 


4 Silica gel 60 F-254, E. Merck & Co., Darmstadt, West Germany. 
Berthold LB 2760, Beta Analytical Inc., Coraopolis, Pa. 


6 Sigma Chemical Co., St. Louis, Mo. 
Schwarz-Mann, Orangehurg, N.Y. 
Amersham Corp., Arlington Heights, Ill. 


9 Eastman Organic Chemicals, Rochester, N.Y. 
lo Difco Laboratories, Detroit, Mich. 
11 Fisher Scientific Co., Raleigh, N.C. 
l 2  Aquasol-2, New England Nuclear Corp., Boston, Mass. 
13 Model 3320 or 2650, Packard Instrument Co., Downers Grove, Ill. 
l4 Model 5260 Autogamma, Packard Instrument Co., Downers Grove, Ill. 
l5 Knoll Fine Chemicals, New York, N.Y. 
l 6  PM-10 membrane, Amicon Corp., Lexington, Mass. 


chloride-methanol-ammonium hydroxide (100304). The product band 
was visualized with fast blue B salt, scraped off, and eluted from the silica 
gel with methanol (2 X 5 ml). 


The methanol solution was concentrated to 0.5 ml, and the preparative 
TLC purification was repeated. The amorphous residue (0.1 g), mp 162' 
dec., was stored over desiccant a t  -80'; N M R  6 7.5 (s, 5H, aromatic H), 
7.0 (q, 4H, J = 1.0 Hz, aromatic H), 5.0 (d, lH,  J = 1.0 Hz), 4.4 (d, lH,  J 
= 1.5Hz,ol-H),3,8(~,3H,COOCH3),3.3-2.4(m,8H),2.3 (~,3H),and0.7 
(d, 3H, J = 1.0 Hz, C-CH3) ppm; mass spectrum: m/z 307.1648, 


[ 12SI]-d-Pseudoephedrine-N-3-propionic Acid-Tyrosine Methyl 
Ester Amide (V)-Into a small test tube containing a glass bead was 
pipetted 70 p1 of a solution of IVa (1.54 pg, 3.7 nM) in 0.5 M phosphate 
buffer, pH 7.7, followed by sodium [lZ5I]iodide (1 mCi, 0.56 nM) in 10 pl 
of dilute sodium hydroxide, pH 8.0. A freshly prepared solution of chlo- 
ramine-T (25.2 pg, 89.6 nM) in 25 ~1 of 0.05 M phosphate buffer, pH 7.7, 
was added, and the mixture was agitated a t  room temperature for 1 min. 
A freshly prepared solution of sodium metabisulfite (341 pg, 1790 nM) 
in 100 pl of 0.05 M phosphate buffer, pH 7.7, was added immediately with 
mixing. 


The mixture was set aside for 10 min at  room temperature and then 
was applied to a silica gel plate (20 X 20 cm), which was developed in the 
solvent system described for IVa. X-rayfilm was exposed to the TLC 
plate, and the band (Rf 0.6) corresponding to the main dark band on the 
X-ray film was scraped off, extracted with methanol (4 X 5 ml), and stored 
a t  -8OO until used. 


[a-3H]-dl-Pseudoephedrine Hydrochloride (V1)-dl-a-Bro- 
mopropiophenone-Bromine (20.0 g, 0.125 mole) in methylene chloride 
(50 ml) was added dropwise to a stirred solution of propiophenone (13.42 
g, 0.10 mole) in methylene chloride (80 ml) a t  30-35", and the mixture 
was heated under reflux for 60 min. Evaporation to dryness gave a pale- 
yellow oil, which was used in the next reaction without further purifica- 
tion. 


dl-Ephedrone Hydrochloride-A solution of the crude propiophenone 
in ethanol (10 ml) was added dropwise under nitrogen to a stirred ice-cold 
solution of methylamine gas (10.0 g, 0.32 mole) in ethanol (130 ml) during 
50 min, and the mixture was stirred a t  0" for an additional 40 min. A 
mixture of 12 N HCl (30 ml) and ice was added to pH < 7, and the 
aqueous solution was extracted with ether and evaporated to dryness. 
The yellow solid was extracted with chloroform (4 X 50 ml), and the re- 
sidual methylamine hydrochloride was discarded. Evaporation of the 
chloroform filtrates gave an off-white solid, which was recrystallized twice 
from ethanol-acetone to give 3.41 g (17.1%) of dl-ephedrone hydrochlo- 
ride as off-white crystals, mp 176-179' [lit. (21) mp 176-177']; NMR 
(dimethyl sulfoxide-d6 + DzO): 6 1.5 (d, 3H, C-CH3), 2.7 (s,3H, N-CH3), 
5.2 (q, lH ,  a-H), and 7.4-8.2 (m, 5H, aromatic H) ppm. TLC in chloro- 
form-2-propanol-triethylamine (62:353) showed a single spot, Rf 
0.53. 


[a- 3H]-dl-Ephedrine Hydrochloride-To a stirred solution of ephe- 
drone hydrochloride (90.1 mg, 0.45 mmole) in ethanol (12 ml) under dry 
argon was added dropwise a solution of sodium b~ro[~H]hydride (8 Ci 
a t  28 Ci/mmole, -0.34 mmole) in ethanol (19 ml) during 2 min. After a 
further 60 min at  room temperature, a solution of 12 N HCl(1.6 ml) in 
water (2.9 ml) was added dropwise. After stirring for 20 min, the colorless 
solution was diluted with water (90 ml) and ether (70 ml), and 1 N NaOH 
(30 ml) was added to pH > 10. The aqueous solution was extracted with 
ether (4 X 50 ml), and the combined ether solutions were washed with 
water (100 ml), evaporated to near dryness in U ~ C U O  at  O', and treated 
with methanol (20 ml) and 12 N HCl(2.0 ml). Evaporation to dryness 
in uacuo yielded 89.9 mg (98.8%) of crude ephedrine as an off-white solid. 
TLC in chloroform-2-propanol-triethylamine (62:353) showed 
ephedrines (Rr 4 . 1 9 )  containing a trace of residual ephedrone (Rr 0.531, 
and TLC in 2-butanone-2-propanol-ammonium hydroxide (6:3:1) 
showed mainly ephedrine (Rf  0.49) containing a trace of pseudoephedrine 
(Rf  0.82). 
[ol-3H]-dl-Pseudoephedrine Hydrochloride-A stirred mixture of 


crude ephedrine (89.9 mg) and acetic anhydride (3.0 ml) under dry argon 
was heated under reflux for 30 min. The cooled solution was evaporated 
to dryness in uacuo, water (2.0 ml) and 12 N HCl(0.6 ml) were added, 
and the mixture was distilled for 2 hr while fresh water was added con- 
tinuously to the flask to replace the distillate, volume for volume. 
Evaporation to dryness in uacuo was followed by the addition of hot water 
(1.5 ml) and then the addition of 50% NaOH solution to the stirred ice- 
cold solution to pH > 13. The precipitate of [a-3H]-dl-pseudoephedrine 
was collected by filtration, washed with ice-cold water (1.0 ml), dissolved 
in methanol (10 ml), and treated with 12 N HCl(l .0 ml). 


TLC in 2-hutanone-2-propanol-ammonium hydroxide (631) showed 


C16H23N204 (M - CH&&@H). 
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almost entirely pseudoephedrine (Rf 0.82), no ephedrone and no 
ephedrine, and a small amount of unknown material (Rf 0.0). Evaporation 
to dryness in UQCUO yielded 58.2 mg (64.0% from ephedrone) of crude 
[3H]pseudoephedrine hydrochloride as an off-white solid. Two recrys- 
tallizations from 3-methyl-1-butanol-tetrahydrofuran afforded 3.8 mg 
of pure [a-3H]-dl-pseudoephedrine hydrochloride as a colorless crys- 
talline solid. TLC in 2-butanone-2-propanol-ammonium hydroxide 
(63:l) showed almost single-spot [3H]pseudoephedrine (Rf  0.82) with 
a trace of material a t  the origin. Radiochromatogram scanning showed 
-0.4% [3H]ephedrine in otherwise radiochemically pure [3H]pseudo- 
ephedrine. TLC in chloroform-2-propanol-triethylamine (6235:3) again 
showed almost pure [3H]pseudoephedrine (Rf  0.16) with a trace of ma- 
terial at the origin. Radioactive chromatogram scanning showed -2.6% 
of the activity in the origin material in otherwise 97.4% radiochemically 
pure [3H]pseudoephedrine. Autoradiograms showed the same distribu- 
tion pattern of radioactivity as shown by plate scanning. The specific 
activity was determined by scintillation counting to be 5.0 Ci/mmole. 
[a-3H]-dl-Pseudoephedrine-N-3-propionic Acid Methyl Ester 


(V1I)-A methanol solution of [a-3H]-dl-pseudoephedrine (2.82 pg, 69 
pCi, 300 pl) containing triethylamine (36.3 mg, 358 @,lo pl) and methyl 
acrylate (47.8 mg, 555 p M ,  50 pl) was sealed and mixed at  room tem- 
perature overnight. The solution was gently evaporated (dry nitrogen 
stream), and the residue was dissolved in 300 p1 of methanol. A TLC ra- 
diochromatogram in ethylene dichloride-methanol-ammonium hy- 
droxide (100:204) showed a single band that migrated with the unlabeled 
compound. 


[ a-3€i]-dl-Pseudoephedrine-N-3-propionitrile (VII1)-A meth- 
anol solution of [a-3H]-dl-pseudoephedrine (2.82 pg, 69 pCi, 300 pl) 
containing triethylamine (36.3 mg, 358 p M ,  10 pl) and acrylonitrile (40.3 
mg, 760pM, 50 pl) was sealed and mixed at room temperature overnight. 
The solution was gently evaporated (dry nitrogen stream), and the residue 
was dissolved in 300 p1 of methanol. A radiochromatogram in the TLC 
system used for VII showed a single band that migrated with the unla- 
beled compound. 
[a-3H]-dl-Pseudoephedrine-N-acetyl Amide (1X)-A methanol 


solution of [a-3H]-dl-pseudoephedrine (2.82 pg, 69 pCi, 300 p1) containing 
triethylamine (36.3 mg, 358 p M ,  10 pl) and acetyl chloride (552 mg, 703 
pM, 50 pl) was sealed and mixed at  room temperature overnight. The 
solution was gently evaporated (dry nitrogen stream), and the residue 
was dissolved in 300 pl of methanol. A radiochromatogram in the system 
used for VII showed a single band that migrated with the unlabeled 
compound. 


Immunization Procedures-Male New Zealand White rabbits re- 
ceived a primary immunization of 1 mg of bovine serum albumin-drug 
conjugate in 1 ml of 0.9% saline emulsified with 1 ml of Freund's complete 
adjuvant as two intramuscular (uastus lateralis) and eight subcutaneous 
(along each side of the dorsal column) injections of 0.2 ml each. A t  in- 
tervals of 2,4, and 6 weeks following the primary immunization and at  
monthly intervals thereafter, booster immunizations of 0.5 mg of im- 
munogen in 0.5 ml of saline, emulsified with 0.5 ml of Freund's complete 
adjuvant, were administered at multiple subcutaneous sites. Following 
the second and all subsequent booster immunizations, blood samples were 
collected from the central ear artery and the serum was separated and 
stored at -80". 


Human Study-Seventeen healthy male subjects received, for 5 days, 
either an immediate-release tabletI7 containing 2.5 mg of triprolidine 
hydrochloride and 60 mg of pseudoephedrine hydrochloride every 6 hr 
or a sustained-release capsulels containing 5 mg of triprolidine hydro- 
chloride and 120 mg of pseudoephedrine hydrochloride every 12 hr. The 
study followed a double-blind crossover design so that all subjects re- 
ceived both treatments with a 1-week period intervening to allow for 
removal of residual drugs from the plasma. At  each drug administration, 
subjects received a tablet and a capsule, one of which contained active 
drug and the other contained placebo materials according to the planned 
treatment schedule. The sustained-release preparation was administered 
at 8 am and 8 pm, while the immediate-release tablets were given at 8 am, 
2 pm, 8 pm, and 2 am. 


In each phase of the study, blood samples were collected into glass 
tubedg containing the disodium salt of ethylenediaminetetraacetic acid 
a t  8 am, 10 am, 8 pm, and 10 pm on Days 1-4, at 8 am, 9 am, 10 am, 12 
noon, 2 pm, 3 pm, 4 pm, 6 pm, 8 pm, and 10 pm on Day 5, and at 8 am and 
2 pm on Day 6. Plasma was separated by centrifugation and stored at  
-20" until analyzed for pseudoephedrine content. The participants had 


l7 Actifed, Burroughs Wellcome Co., Research Triangle Park, N.C. 
l8 Actifed SA, Burroughs Wellcome Co., Research Triangle Park, N.C. 


Vacutainer, Becton-Dickinson and Co., Rutherford, N.J. 


not ingested any drugs for a t  least 1 week prior to entering the study. 
General Radioimmunoassay Procedures-The assay buffer con- 


tained 0.05 M NaHZP04-Na2HP04 (pH 7.4), 0.15 M NaCl, 0.01 M eth- 
ylenediaminetetraacetic acid disodium salt, and 1% bovine serum albu- 
min, except where otherwise indicated. The pH of this buffer, hereafter 
referred to as 1% bovine serum albumin-phosphate-buffered saline, was 
adjusted to 7.4. For separation of antibody-bound radiolabel from free 
radiolabel, a bovine serum albumin-coated charcoal suspension was 
prepared by dissolving 0.6 g of charcoal in 100 ml of ice-cold 2% bovine 
serum albumin-phosphate-buffered saline. The suspension was stirred 
for at least 30 rnin at  0" prior to use. 


The alternative separation system consisted of 350 g of polyethylene 
glycol 6000 dissolved in 1 liter of phosphate-buffered saline. For use with 
this system, radioligand and rabbit antibody solutions were prepared in 
buffer containing 0.1% bovine serum albumin (0.1% bovine serum albu- 
min-phosphate-buffered saline); bovine serum albumin was not added 
to phosphate-buffered saline for any other assay applications using the 
polyethylene glycol 6000 immunoglobulin precipitation. 


All assay points were established in duplicate, and most unknown 
samples were analyzed at  two dilutions. 


Antiserum Titration-Charcoal Separati~n-['~~I]-d-Pseudo- 
ephedrine-N-3-propionic acid-tyrosine methyl ester amide (100,000 
dpm/assay), [3H] -dl-pseudoephedrine-N-3-propionic acid methyl ester 
(16,000 dpm/assay), [3H]-dl-pseudoephedrine-N-3-propionitrile (16,OOO 
dpm/assay), [3H]-dl-pseudoephedrine-N-acetyl amide (16,000 dpm/ 
assay), or [3H]-dl-pseudoephedrine (16,000 dpm/assay) in buffer (0.1 ml) 
was incubated with varying dilutions of rabbit antiserum in buffer (0.1 
ml) and additional assay buffer (0.8 ml) at 4" overnight. Tubes containing 
only radiolabeled solution and buffer added to obtain the same total in- 
cubation volume served as total count tubes and background tubes. 


Ice-cold 2% bovine serum albumin-charcoal suspension (0.5 ml) was 
added to all tubes except the total count tubes; the contents of the tubes 
were mixed, incubated at  4" for 5 min, and centrifuged (LlOOOxg, 10 
min). The tritium-containing supernates were decanted into scintillant 
(10 ml) and mixed, and the antibody-bound radioactivity was quanti- 
tated. The radioiodine-containing supernates were decanted into plastic 
tubes (12 X 75 cm) and capped, and their radioactivity contents were 
quantitated. The dilution that bound 50% of the amount bound in the 
presence of excess antiserum was defined as the working titer of the 
antiserum. 


Polyethylene Glycol Separation-To ensure maximal precipitation 
of the antibody-radiolabel complex in the radioimmunoassay procedure 
using polyethylene glycol 6000 as an immunoglobulin precipitant, carrier 
immunoglobulin protein in the form of 0.1 ml of filtered (0.22 pm) pooled 
normal human plasma was added to the assay mixture and the amount 
of added buffer was reduced by 0.1 ml. After the assay mixture was in- 
cubated overnight at 4O, 1 ml of the polyethylene glycol 6OOO solution was 
added to each assay tube (polypropylene, 1 2  X 55 mm) at  0" in an ice 
bath. The tubes were thoroughly mixed, incubated at  Oo for 30 min, and 
centrifuged at  LlOOOXg for 30 min. Supernates were decanted from the 
immunoglobulin pellet containing antibody-bound radiolabel, the in- 
verted tubes were allowed to drain for 15 min, and then the assay tubes 
were pounded on paper towels to remove the remaining supernates 
quantitatively. The pellets were then resolubilized in phosphate-buffered 
saline (0.3 ml) with mixing over 30 min. Total count tubes received 0.2 
ml of phosphate-buffered saline plus 0.1 ml of labeled solution. When 
a homogeneous solution was achieved, scintillation fluid (2 ml) was added 
to the assay tubes, which were capped and mixed. These tubes were 
placed in specially designed scintillation vials that kept them correctly 
positioned for scinfillation counting. 


Radioimmunoassay of Standard, Control, and Unknown Plasma 
Samples-Direc t Radioimmunoassay with [a- 3H] - dl-Pseudoephedrine 
Label-A series of d-pseudoephedrine hydrochloride standard solutions 
in filtered (0.22 pm), pooled, normal human plasma (0.1 ml) ranging in 
concentration from 1 to 250 ng/ml (free base equivalents) was incubated 
as already described (for the polyethylene glycol separation) with [a- 
3H] -dl-pseudoephedrine (16,000 dpm/assay, 0.1 ml), d-pseudoephedrine 
antiserum (1:lOO dilution, 0.1 ml), and assay buffer (0.7 ml). A similar 
series of three control solutions of d-pseudoephedrine added to normal 
human plasma varying in concentration across the range of the standard 
curve served as controls of assay accuracy and reproducibility. Unknown 
human plasma samples (0.1 ml), diluted appropriately with normal 
human plasma to enter the range of the assay, were also incubated with 
[w3H] -dl-pseudoephedrine, d-pseudoephedrine antiserum, and assay 
buffer as described. Total counts and background tubes were as already 
described, each containing 0.1 ml of normal human plasma and a total 
final volume of 1 ml. 
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RECIPROCAL OF ANTISERUM DILUTION 
Figure 1-Binding of various d-pseudoephedrine radioligands to 
creasing dilutions of d-pseudoephedrine antiserum. 


1 in- 


Separation of antibody-bound radiolabel from free radiolabel was 
achieved by charcoal adsorption of free radiolabel or polyethylene glycol 
6000 precipitation of antibody-bound radiolabel as already described. 
Standard curves were expressed as % B/Bo uersus log d-pseudoephedrine 
free base concentration, where Bo represents the amount (counts per 
minute) of [a-3H]-dl-pseudoephedrine bound in the absence of any un- 
labeled d-pseudoephedrine and B is the amount bound at a given d- 
pseudoephedrine standard concentration (corrected for nonspecific 
binding). 


Indirect (Extracted and Deriuatized) Assay Using PZ5I1-d-Pseu- 
doephedrine-N-3-propionic Acid-Tyrosine Methyl Ester Amide 
Label-A similar series of d-pseudoephedrine standard solutions, control 
solutions, and appropriately diluted unknowns in filtered normal human 
plasma ranging in concentration from 0.2 to 50 ng/ml was prepared. 
One-milliliter aliquots of standards, controls, or unknown dilutions were 
pipetted into 15-ml glass centrifuge tubes with polytef-lined screw caps, 
followed by 2 N NaOH (0.5 ml, in saturated sodium sulfate). The basic 
plasma samples were shaken for 15 min with 7 ml of a mixture of cyclo- 
pentane-ether (1:l). After centrifugation, the lower aqueous layer was 
frozen in a dry ice-acetone bath and the solvent layer was decanted into 
a clean centrifuge tube. 


The process was repeated with an additional 7 ml of solvent, and the 
combined extracts were evaporated under nitrogen at room temperature. 
The residue was taken up in methanol (2 ml) containing methyl acrylate 
(10 rl,9.56 mg, 0.11 mM). The tubes were shaken gently overnight a t  
room temperature, the contents were made acidic by the addition of 1 
drop of a saturated solution of hydrogen chloride gas in methanol, and 
the tubes were shaken for 1 min. After evaporation under nitrogen at  
room temperature, the residues were dissolved in assay buffer (1 ml), and 
the tubes were shaken for 1 min. 


The radioimmunoassay incubation mixture was similar to that 
employing the tritium label and consisted of standards, controls, or un- 
known plasma dilutions, after extraction and derivatization, in assay 
buffer (0.5 ml), [1251]-d-pseudoephedrine-N- 3-propionic acid-tyrosine 
methyl ester amide (100,000 dpm) in assay buffer (0.1 ml), anti-d-pseu- 
doephedrine serum (1:1500 dilution) in assay buffer (0.1 ml), and assay 
buffer (0.3 ml). After incubation for 2 hr a t  O O ,  free radiolabel was ad- 
sorbed onto bovine serum albumin-coated charcoal as already described; 
the antibody-bound radiolabel contained in the supernates was quanti- 
tated. Data were reduced to standard curves, and control and unknown 
dilution concentrations were determined as already described. 


Cross-Reactivity Studies-The procedure was similar to that de- 
scribed for the direct radioimmunoassay. A series of standard solutions 
of d-pseudoephedrine hydrochloride (0.2-100 ng of free base equiva- 
lents/ml) and some metabolites and structurally related compounds 
(1-100,000 ng/ml) in normal human plasma were incubated directly, or 
after extraction and derivatization, with antiserum and radiolabel and 
processed as described. Standard curves were drawn for each compound. 
Cross-reactivities were expressed as the percentage ratio of the d- pseu- 
doephedrine concentration required to inhibit binding of the radiolabel 
to antiserum by 50% (150)  to that of each respective compound (14). 


RESULTS 


Immunogen Synthesis-The hapten used for the immunogen prep- 
aration, d-pseudoephedrine-N-3-propionic acid (111), was prepared by 
aqueous base hydrolysis of the ester product of a Michael addition of 
methyl acrylate to d-pseudoephedrine (Scheme I). The product was 
characterized by NMR and mass spectral analyses prior to coupling to 
bovine serum albumin via a carbodiimide-mediated amide bond for- 
mation using reaction conditions similar to those described by Cheng et 
al. (15). 


Radioligand Synthe~es-[a-~H]-dl-Pseudoephedrine Hydro- 
chloride (VI)-This compound was prepared by a modification of the 
methods described previously (16-19) for the unlabeled compound. 
Bromination of propiophenone with bromine in refluxing methylene 
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Scheme I-Synthesis of d-pseudoephedrine-bovine serum albumin 
conjugate (*EDC = l-ethyl-3-(3-dimethylaminopropyl)carbodiimide 


hydrochloride). 
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Table I-Interassay Accuracy and Precision of Pseudoephedrine 
Radioimmunoassay Procedures * 


Iodine 125-Extraction-Derivatization Method* 
ConcentrationC added 0.3 0.7 3.0 
Concentration measured 0.3 f 3 0.69 f 3 2.98 f 8 
f CV, % (n = 4) 


Tritium-Direct-Polyethylene Glycol 6000 Separation Method 
Concentration added 3 30 60 
Concentration measured 3.1 f 5 28.3 f 2 60.3 f 1 
f CV, % (n = 7) 


a Pseudoephedrine was added to blank human plasma for all recovery studies. * Plasma samples were carried through the entire extraction-derivatization pro- 
cedures. c All concentration values are nanograms per milliliter. 


chloride solution gave df- a- bromopropiophenone, which was condensed 
with methylamine gas in ethanol a t  0' essentially by the method of Hyde 
et al. (20) to give, after purification, dl-ephedrone hydrochloride. 
Treatment of this compound with sodium b~ro[~H]hydride in ethanol 
gave a quantitative yield of predominantly the erythro compound, 
[3H]-dl-ephedrine hydrochloride. In the Welsh procedure (18,19), this 
erythro compound undergoes an N - 0 acyl migration with inversion 
of configuration upon reaction with refluxing acetic anhydride while the 
threo isomer undergoes the same migration with retention of configu- 
ration. 


Thus, acetylation of the crude ephedrine, followed by hydrolysis in 
aqueous hydrochloric acid, gave the free base [3H]pseudoephedrine, 
which was converted to VI (64% yield from ephedrine). Two recrystalli- 
zations from isoamyl alcohol-tetrahydrofuran gave pure [3H]pseudo- 
ephedrine hydrochloride for use in radioimmunoassay studies. Two useful 
methods for determination of the enantiomeric purity of the final product 
were developed during the synthetic work. TLC on silica gel layers in 
2-butanone-2-propanol-ammonium hydroxide (631) clearly separated 
ephedrine (Rf 0.49) and pseudoephedrine (Rf  0.82). Also, the chemical 
shift of the a-proton doublet in the 'H-NMR spectrum could be used to 
detect ephedrine (6 5.24, d, J = 3 Hz) in the presence of pseudoephedrine 
(6 4.62, d, J = 10 Hz) and vice versa. The specific radioactivity of VI was 
estimated to be 5 Ci/mmole. 


N-Functionalized Radioligands-Reaction of acetyl chloride, acry- 
lonitrile, or methyl acrylate with VI, as described under Experimental, 
gave the N-acetyl amide (IX), N-propionitrile (VIII), or N-propionic acid 
methyl ester (VII) derivatives, respectively (Fig. 1). These radioligands 
were used to examine the affinity of the antiserum for radioligands 
bearing differing components of the bridge between hapten and bovine 
serum albumin in the immunizing conjugate. 


125Z-Labeled Radioligand-A radioiodine-substituted ligand (V, Fig. 
1) was prepared from d-pseudoephedrine-N-3-propionic acid-tyrosine 
methyl ester amide by reaction with sodium ['*5I]iodide and chlora- 
mine-T by the general method of Hunter and Greenwood (21). The 
specific radioactivity of the ligand was estimated to be 270 CilmM. 


Comparative Binding of Radioligands by Antibody-Figure 1 
compares the ability of increasing dilutions of antiserum 515-1 to bind 
a constant amount of tritiated radioligands under identical incubation 
conditions. Since the specific activities of the tritiated radioligands were 
the same, the figure indicates the relative affinity of the antibody for 
pseudoephedrine and its various side-chain analogs. As the series pro- 
gressed from underivatized [3H]pseudoephedrine to N-a~etyl-[~H]-  
pseudoephedrine to the N-propionitrile analog and, finally, to the N- 
propionic acid methyl ester, the immediate precursor of the hapten de- 
rivative, higher dilutions of antiserum were capable of binding similar 
amounts of the radioligand. Clearly, the presence of the side chain was 
well recognized by this antiserum. The antiserum appeared to recognize 
the lz51-1abeled radioligand well, although affinity comparisons with the 
3H-labeled radioligands are difficult due to the higher specific activity 
of the iodinated compound. 


Assay Precision and Sensitivity-Typical mean standard curves 
for the three individual radioimmunoassays are shown in Fig. 2. Each 
mean curve was constructed from four individual standard curves. The 
standard deviations on the curves indicate the excellent interassay pre- 
cision. Further confirmation of interassay precision is shown by the assay 
data (means and standard deviations) for d- pseudoephedrine-spiked 
plasma controls that varied across the range of standard curve sensitivity 
for the separate radioimmunoassay procedures (Table I). The coefficient 
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Figure $-Typical standard curves for d-pseudoephedrine radioim- 
munoassay procedures. Key: 0, iodine 125-deriuatization-charcoal; 
0, tritium-direct-charcoal; and A, tritium-direct-polyethylene 
glycol. 


of variation values did not exceed 8% for any control sample; for most 
samples, the coefficient of variation was <3%. 


The indirect radioimmunoassay procedure, utilizing a radioiodine li- 
gand and extraction and derivatization of d- pseudoephedrine prior to 
assay, is the most sensitive and specific technique, clearly able to detect 
0.2 ng of d-pseudoephedrinelml (ICm = 4.3 ng/ml). The direct radioim- 
munoassay procedure, utilizing a tritium radioligand and a bovine serum 
albumin-coated charcoal bound/free separation scheme, is the next most 
sensitive procedure with a detection limit of 1 ng of d-pseudoephed- 
rine/ml (ICm = 10 ng/ml). However, due to the observed time-dependent 
tendency of the bovine serum albumin-coated charcoal to remove 
[3H] -dl-pseudoephedrine from its binding sites on the antibody, the ca- 
pacity of the assay (standards, controls, and unknowns) is limited. 


For this reason, an alternative direct radioimmunoassay procedure 
using [3H]-dl-pseudoephedrine was developed. Polyethylene glycol 6000 
precipitates immunoglobulins (22) and, thus, antibody-bound radiolabel 
from the assay mixture. This precipitation achieves a separation of 
antibody-bound from free radiolabel that is relatively independent of 
time. The lower detection limit of this assay is 2.5 ng/ml (IC5o = 35 ng/ 
ml). 


Assay Specificity-The relative specificities of the three radioim- 
munoassay procedures are shown in Table 11. d-Norpseudoephedrine 
cross-reacted between 0.8 and 5.0%, with the indirect extraction-deri- 
vatization radioimmunoassay procedure being most specific and the di- 
rect-charcoal method being least specific. 1-Ephedrine, the diastereomer 
of d-pseudoephedrine, was recognized by the antiserum 200-800 times 
less effectively than d-pseudoephedrine. In this case, while cross-reac- 
tivity was low in all three procedures, the direct-charcoal method was 
the most specific. 1-Pseudoephedrine, the optical isomer of d- pseudo- 
ephedrine, had very low cross-reactivity in all assays (<0.003-0.01%). 


More detailed cross-reaction studies were pursued using the polyeth- 
ylene glycol 6000-direct procedure. The antibody was clearly able to 
distinguish the lack of a P-methyl group (N-methylphenylethanolamine, 
0.26%), the lack of an a-hydroxy group (methamphetamine, 0.08%), ox- 
idation of the a-hydroxy group (ephedrone, <0.003%), and hydroxylation 
of the aromatic ring (p- hydroxyephedrine, <0.003%). Endogenous 
phenylethanolamines, such as epinephrine, and drugs that may be 
coadministered with pseudoephedrine, such as triprolidine and codeine, 
cross-reacted <0.003%. 


Validation of Radioimmunoassays (Correlation with Standard 
GLC Assay)-Final validation of the assays was achieved by comparative 
analysis by radioimmunoassay and GLC of human plasma samples 
containing d-pseudoephedrine (obtained from volunteers who had in- 
gested a 60-mg tablet of d-pseudoephedrine hydrochloride). Figure 3 
shows correlation diagrams relating plasma d-pseudoephedrine levels 
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Figure 3-Correlation of pseudoephedrine concentrations in human 
plasma samples as analyzed by a GLC procedure and tritium-direct- 
polyethylene glycol radioimmunoassay (A), tritium-direct-charcoal 
radioimmunoassay (B), or iodine 125-deriuatization-charcoal radio- 
immunoassay (C). 


determined by a derivatization GLC procedure with electron-capture 
detection (10) to those determined by the three radioimmunoassays. In 
each case, linear regression analysis gave correlation coefficients between 
0.946 and 0.977 and slopes of 0.981-1.002, indicating excellent agreement 
between all three radioimmunoassay procedures and the reference GLC 
assay. 


Disposition Studies in Humans-For convenience and ease of op- 
eration, the direct radioimmunoassay utilizing [3H]pseudoephedrine and 
the polyethylene glycol 6000 separation method was used in all human 
drug disposition studies. This assay was applied to a bioequivalence 
comparison of d-pseudoephedrine from a sustained-release preparation 


Table 11-Cross-Reactivities ( W )  of Related Compounds in 
Pseudoeohedrine Radioimmunoassav Procedures 


Tritium- 
Tritium- Direct  Iodine 125- 
Direct- Polyethylene Extraction- 


Comnound Charcoal Glvcol6000 Derivatization 


d -Pseudoephedrine 
d-Norpseudoephedrine 
1 -Pseudoephedrine 
1 -Ephedrine 
1 -Norephedrine 
d-Ephedrine 
N-Methylphenyl- 


ethanolamine 
Methamphetamine 
dl-p- Hydroxyephedrine 
Ephedrone 
Metaraminol 
Methoxamine 
Phenylethylamine 
I-Phenylephrine 
Epinephrine 
Tri rolidine 
CoSeine 


100 
5.0 
0.01 
0.13 
- 


100 
1.75 
0.05 
0.44 
0.02 
0.35 
0.26 


0.08 
<0.003 
<0.003 
<0.003 
<0.003 
<0.003 
<0.003 
<0.003 
<0.003 
<0.003 


100 
0.8 


<0.003 


(containing 120 and 5 mg, respectively) and an immediate-release 
preparation (containing 2.5 and 60 mg, respectively) of d-pseudo- 
ephedrine hydrochloride and triprolidine hydrochloride in 17 healthy 
male subjects. The study extended over 126 hr in each of two separate 
periods, during which all subjects received both formulations (Experi- 
mental). Doses of sustained-release medication were administered at  
12-hr intervals (8 am and 8 pm), while immediate-release tablets were 
given at  6-hr intervals (8 am, 2 pm, 8 pm, and 2 am) throughout the first 
120 hr. Mean plasma pseudoephedrine levels in these subjects over the 
entire 126-hr study period as determined by the direct radioimmunoassay 
are shown in Fig. 4. 


Steady-state concentrations were approached with both drug formu- 
lations by the 3rd day of treatment, with mean trough concentrations of 
280-350 ng/ml and mean peak concentrations of 420-560 ng/ml for the 
two preparations. Additional blood samples were taken from 8 am to 8 
pm on Day 5 to define more closely the plasma concentration-time pro- 
files a t  steady state for immediate- and sustained-release preparations. 
The mean plasma concentration-time curves for all subjects during this 
period are shown in Fig. 5. The mean observed peak concentration fol- 
lowing the first (8 am) dose of the immediate-release tablet (containing 
60 mg of pseudoephedrine hydrochloride) was 565.8 ng/ml and that fol- 
lowing the second (2 pm) dose was 554.6 ng/ml. The maximum concen- 
tration observed following administration (at 8 am) of the sustained- 
release preparation (which contained 120 mg of pseudoephedrine hy- 
drochloride) was 550.6 ng/ml. Although the mean peak plasma concen- 
trations achieved with the two formulations were not significantly dif- 
ferent, mean plasma concentrations of pseudoephedrine were maintained 
for a considerably longer period with the sustained-release prepara- 
tion. - Sustained Action 


= - Immediate Release 
Day 5 


I 


a 
w z O U  12 24 36 48 60 7i 84 ' 9 6  108'120 
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Figure 4-Mean plasma pseudoephedrine concentrations over 126 hr 
in 17 healthy volunteers who received either a sustained-release prep- 
aration of pseudoephedrine every 12 hr or an immediate-releaseprep- 
aration every 6 hr for the first 5 days. 
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Figure 5-Detailed presentation of the 8 a m 4  pm period on Day 5 of 
the study presented in Fig. 4. Key: a, sustained release; and 0, imme- 
diate release. 


DISCUSSION 


Previous investigations demonstrated the need for conjugation of drugs 
to macromolecules to render them immunogenic (23-25). In the present 
study, d- pseudoephedrine was easily derivatized uia the nitrogen atom 
by reaction with methyl acrylate followed by alkaline hydrolysis to give 
the N-3-propionic acid derivative for coupling to bovine serum albumin 
for immunization purposes. Antiserum raised in response to this im- 
munization procedure was used to develop three radioimmunoassay 
procedures. In one, a tyrosine methyl ester derivative of the original 
hapten, prepared by carbodiimide-mediated reaction with tyrosine 
methyl ester followed by iodination, provided a radioligand with the 
convenience of a y-emitting radioisotope. However, since this ligand could 
not be displaced by d-pseudoephedrine at the required sensitivity level, 
this assay modification required prior extraction of all pseudoephed- 
rine-containing samples and derivatization with methyl acrylate before 
their addition to the radioimmunoassay system. 
[~~-~H]-dl-Pseudoephedrine and unlabeled pseudoephedrine were used 


to demonstrate that the drug could be extracted and derivatized by this 
method with a mean overall recovery of >95% across the concentration 
range of 0.1-500 ng/ml when performed under the conditions specified 
under Experimental. This assay modification has better sensitivity and 
specificity than the other variations and may be useful in studies where 
maximal sensitivity is required, such as tissue distribution experiments. 
The assay variants employing [3H]pseudoephedrine as the radioligand 
are somewhat less sensitive than the derivatization assay using the 
lZ5I-labeled radioligand and use the antiserum at  a much lower titer, but 
these variations have the distinct advantage of providing reliable drug 
analyses directly on plasma, i.e., without prior extraction. The assay using 
the polyethylene glycol 6000 method for separation of antibody-bound 
from free radioligand had the advantage of being less time dependent 
when compared to the bovine serum albumin-coated charcoal separation 
method. Thus, large assay runs were more reliably performed with the 
former system. 


All three assay systems are accurate and precise (Table I), and have 
sensitivity limits in the range of 0.2-2.5 ng/ml for iodine 125-derivatized 
and tritium-polyethylene glycol methods, respectively (0.2-0.25-ng actual 
mass of pseudoephedrine, see Experimental). This sensitivity far exceeds 
that of the earlier GLC procedures for pseudoephedrine (7,10,11) and 
is better than that of a more recent GLC method using nitrogen detection 
that was capable of detecting a lower limit of 25 ng/ml(l2). Acetylation 
of pseudoephedrine with [3H]acetic anhydride provides a method capable 
of detecting 50 ng/ml of the drug in plasma (8). Recently, a pseudo- 
ephedrine pharmacokinetic study (26) was reported in the rat using an 
electron-capture GLC microtechnique capable of detecting 2 ng of drug. 
This method is still less sensitive and far more cumbersome than direct 
radioimmunoassay with the [3H]pseudoephedrine radioligand described 
here. All three radioimmunoassay variants were validated by comparison 
with an accepted GLC analytical method (lo), giving an excellent cor- 
relation in each case (Fig. 3). 


The ability of drug antiserum to discern changes in molecular archi- 
tecture is normally greatest for structural changes at sites distant from 
the site of attachment of the drug to the macromolecular carrier. Thus, 
d-norpseudoephedrine, which was reported to be a minor metabolite of 
pseudoephedrine (11) in humans, unexpectedly cross-reacted only to the 
extent of 0.8-5.0% (Table 11). In the nor compound, a methyl group was 
lacking on the nitrogen atom on which the bridge to protein in the im- 


munogen was attached. The low cross-reactivity in the derivatized assay 
with the y label is easier to understand in that norpseudoephedrine would 
presumably react with methyl acrylate in the derivatization step to give 
a bis adduct, which would then be recognized less effectively by the an- 
tiserum. 


Several recent reports described the ability of antiserum to discern 
stereochemical differences in drug molecules. Cook et al. (27) described 
the development of stereoselective radioimmunoassay procedures for 
( R ) -  and (5’)-warfarin, Gross and Soares (28) prepared antiserum to d-  
amphetamine, and Kawashima et al. (29) reported radioimmunoassay 
procedures for 1- and racemic propranolol. The d-pseudoephedrine an- 
tiserum developed in the present study also possesses a high degree of 
stereospecificity, as shown by the very low cross-reactivities of l-pseu- 
doephedrine, d- and 1-ephedrines, and 1-norephedrine. A change in the 
aromatic ring of the ephedrine series, such as in dl-p-hydroxyephedrine, 
essentially eliminates recognition by the antiserum. Changes in side-chain 
structure, as represented by ephedrine, N-methylphenylethanolamine, 
methamphetamine, metaraminol, methoxamine, phenylethylamine, and 
1-phenylephrine, are well recognized by the antiserum, resulting in very 
low cross-reactivities. A representative catecholamine, epinephrine, 
caused no inhibition of radioligand binding, nor did triprolidine and 
codeine, which may, on occasion, be coadministered with pseudo- 
ephedrine. 


The pharmacokinetics of d-pseudoephedrine in humans have not yet 
been investigated in detail, although some data relating plasma levels 
to pharmacological effects were reported (12). A major limitation to the 
pursuit of such studies has been the lack of suitable analytical method- 
ology. The applicability of the present radioimmunoassay technique to 
pharmacokinetic studies is shown by the data in Figs. 4 and 5. The day- 
to-day plasma levels in this bioequivalence study were measured easily 
with the direct radioimmunoassay procedure with polyethylene glycol 
6000 as the separation system. As seen in Fig. 4, the assay demonstrated 
that steady-state plasma concentrations of pseudoephedrine were ap- 
proached by Day 3 of dosing with either formulation. 


The bioequivalence of the immediate- and sustained-release prepa- 
rations in these subjects was demonstrated by the lack of significant 
difference between the mean area under their plasma concentration-time 
curve (AUC) values over the entire 126-hr period of the study [43,796 f 
2738 (SEM) ng/ml hr for the sustained release and 47,910 f 3085 (SEMI 
ng/ml hr for the immediate release]. Since this AUC comparison was 
approximate due to the infrequent blood collections during Days 1-4, 
a similar AUC comparison was made for 8 am-8 pm on Day 5, when 
steady-state concentrations had been achieved and additional blood 
samples were collected. From these data (Fig. 5), AUC calculations again 
indicated bioequivalence of immediate- and sustained-release prepara- 
tions [5744 f 395 ( S E M )  ng/ml hr for the sustained release and 5674 f 
354 (SEM) ng/ml hr for the immediate release]. 


Figure 5 clearly shows that, although the observed maximum plasma 
concentrations following each formulation were not significantly dif- 
ferent, the mean concentrations were maintained in the 450-550-ng/ml 
range for -8 hr with the sustained-release preparation, thus avoiding the 
trough at  6 hr and the peak at 7-8 hr that occurred with the two-dose 
regimen of the immediate-release preparation. Thus, the radioimmu- 
noassay has been used to demonstrate the rationale for this type of sus- 
tained-release preparation. Recently, studies of similar pseudoephedrine 
formulations have produced similar results (30,31). 


These radioimmunoassay procedures are being applied currently to 
detailed studies of the disposition of d-pseudoephedrine in animals and 
humans. 
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Abstract Single administrations of cortisone or phenytoin to pregnant 
mice on Days 11-14 of gestation caused similar skeletal and dissimilar 
soft tissue fetal anomalies. Cortisone reduced both maternal and fetal 
weight, whereas phenytoin only reduced fetal weight without adversely 
affecting maternal weight. A correlation between fetal weight reduction 
and cleft palate incidence was evident for each drug. Because probit 
analysis of dose-response regression lines did not deviate from parallelism 
after drug challenge, it was concluded that cortisone and phenytoin may 
produce palatal anomalies in the mouse fetus by a similar mechanism. 


Keyphrases Teratogenicity-effects of cortisone and phenytoin on 
mice Cortisone-teratogenic effects on mice Phenytoin-teratogenic 
effects on mice Antiepileptics-teratogenic effects of phenytoin on 
mice 


The experimental use of various agents to elicit and in- 
hibit cleft palate has been pursued vigorously in recent 
years to determine its cause and to prevent its occurrence 
in human newborns. Although cortisone is the prototypal 
agent employed for the induction of this anomaly in lower 
species (I), phenytoin is of particular interest because of 
the purported link between its use as an antiepileptic drug 
during pregnancy and the appearance of cleft palate in 
offspring (2 ,3) .  


The purpose of this investigation was to compare the 
teratogenic effects of phenytoin with those of cortisone by 
means of dose-response relationships in mice and to as- 
certain whether the mechanism involved in cleft palate 
inception by cortisone and phenytoin is similar. 


EXPERIMENTAL 


Animals-CF-1 albino mice’ (25-35 g) were used. Females were 
confined in groups of 10 to aggregate cages for at  least 2 weeks prior to 
mating. Males were placed individually in metal cages (12.5 X 15 X 10 
cm) with a wire mesh front and floor2. Adult mice were maintained on 
a commercial diet3 and tap water ad libitum. The breeding room was 
equipped with an electrical system4, which provided 12 hr of light (7:OO 
am-7:00 pm) and 12 hr of darkness. Room temperature was maintained 
between 22 and 26’. 


Preparation of Solutions-Saline and cortisone acetate solutions 
were prepared ~ommercially~.~. Fresh aliquots (10 ml) of phenytoin so- 
lution were prepared as needed on the day of injection by dissolving the 
drug7 in a stock solution of 70% propylene glycols (in saline). Phenytoin 
solutions were prepared containing 10,14,16, or 18 mg of phenytoin/ml 
of vehicle in injection volumes of 0.1-0.3 ml. All injections were made with 
a glass syringe9. The bone-staining solution was prepared by dissolving 
18 mg of alizarin red-S in each liter of 1% KOH in distilled water. A 5050 
mixture of 70% ethyl alcohol and 100% glycerin was used to fix and clear 
the specimens. Fetuses chosen for soft tissue analysis were fixed in 
Bouin’s solution. 


Breeding Procedure and Treatment Regimen-The breeding 
procedure was previously described (4). Gravid females were randomly 


1 Charles River Breeding Laboratories, Wilmington, Mass. 
2 RD-T unit, Norwich Wire Works, Norwich, N.Y. 
3 Rodent Laboratory Chow 5001, Ralston-Purina Co., St. Louis, Mo. 


Astronomic dial time switch with “skipper,” model V-45073, International 


%Sodium chloride injection USP (0.9%), lot B7D091A, McGraw Laboratories, 


6 Cortone, lot 0613.4, Merck Sharp and Dohme, West Point, Pa. 
7 Dilantin Sodium, lot PE338, Parke-Davis Co., Detroit, Mich. 
8 Lot P-810, Amend Drug and Chemical Co., Irvington, N.J. 
9 B-D 1-ml tuberculin syringe with 1.27-cm, 26-gauge needle. 


Re ister Co., Spring Grove, Ill. 


Division of American Hospital Supply Corp., Irvine, Calif. 
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INTRODUCTION 


Ischemic a n d  Infarcted Myocardium-To under- 
stand fully radiopharmaceutical procedures for diagnostic 
evaluation of mtyocardial ischemia and infarction, a basic 
understanding of the conditions is required. Myocardial 
ischemia is defined as a reduced blood supply without 
necrosis, resulting in a reduced supply of oxygen to the 
myocardium. PL myocardial infarction is an area within the 
myocardium where coagulation necrosis has occurred, or 
is in the process of occurring, with varied stages of repair 
or changes in volume. 


Both acute and chronic arterial obstruction may cause 
myocardial infarction; however, arterial occlusion, old or 
new, is evident in only -40% of the deaths associated with 
myocardial infarctions (1-51, the same percentage of ar- 
terial occlusions found in patients dying from causes other 
than myocardial infarctions (6). Occlusion of a single 
coronary artery in dogs rarely produces transmural in- 
farction (7). 'The excellent collateral circulation that exists 
with interconnections of all sizes of arteries, in addition to 
the arteriolm-capillary plexuses of the myocardium (8), 
provides the heart with the ability to circumvent, to a 
certain extent, minor occluded vessels. However, if col- 
lateral circulation is compromised from old occlusions, old 
infarctions, or coronary artery disease, a thrombus pro- 
ducing a major occlusion may be the impetus for acute 
myocardial infarction (9). The ability to assess accurately 
the extent. of damage from these occlusions, infarctions, 
and coron,ary artery diseases, along with the ability to de- 
termine the amount of improvement offered by different 
therapeutic modalities, is essential for improvements in 
therapy and prevention of acute myocardial infarction. 


Approaches to Imaging Myocardial Ischemia and 
Infarctions-The purpose of identifying myocardial 
ischemial and acute myocardial infarction is multifold. 
Most im.portant is identification of the pathological con- 
dition. To  care for the patient properly, the physician must 
be as well informed as possible about the patient's condi- 
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tion; the physician must determine first if the patient does 
indeed have an infarction or ischemic zone within the 
myocardium. Second, the physician must.determine if this 
area is recent or if it constitutes an area where intervention 
probably would not result in improvement of the condition. 
Third, the physician must determine if the tissue sur- 
rounding the infarction, ischemic at examination, will 
progressively worsen and further compromise additional 
tissue. The accurate determination of the volume of the 
infarction at  the time of the initial insult and of the like- 
lihood of this area increasing with timle may play a vital role 
in the choice of the treatment modlality. If, by various 
means, the ischemic area and final volume of the infarction 
can be reduced, prognosis will be improved. 


Two methods have evolved for identification of acute 
myocardial infarction: identifying that tissue unaffected 
by the present condition, which gives an indirect deter- 
mination of the extent of damage (cold spot imaging), and 
labeling the compromised tissue and imaging it externally, 
which gives a direct indication of infarcted tissue (hot spot 
imaging). 


Diagnosticians at present utilize one or both of these 
methods in conjunction with electrocardiograph (ECG) 
changes and angiographic findings to assess the patient’s 
condition. No single procedure assesses quantitatively 
and/or qualitatively both myocardial ischemia and acute 
infarction with a high degree of accuracy. 


COLD SPOT IMAGING 


Radionuclides as Inorganic Salts-Radionuclides for 
myocardial imaging generally are injected! as the chloride 
salt in the ionic state. The biological behavior of the radi- 
onuclides of potassium, rubidium, cesium, and thallium 
varies with respect to dosimetry, blood clearance, duration 
in target organ, and target to nontarget ratios (T/NT). 
Isotopes of specific elements, such as potassium isotopes, 
demonstrate the same biological behavior. However, iso- 
topes of a given element will not have the saime dosimetry, 
because each isotope has different decay characteristics. 
Blood clearance, myocardial uptake, and T/NT ratios of 
isotopes should remain constant. Potassium analogs (al- 
though not in the same group in the periodic table) tend 
to localize in viable tissues, e.g., the myocardium, to pro- 
duce cold spot images of the infarcted or isc.hemic areas. 


Potassium-The three isotopes of potassium that have 
been used in the assessment of myocardial ischemia and 
acute myocardial infarction are potassium 38, potassium 
42, and potassium 43. Most recent research has been with 
potassium 43 because of better imaging chairacteristics; 
however, the high-energy y-rays of all three isotopes result 
in poor quality images and excessive patienit radiation 
dosage, limiting their use in the clinical setting on a routine 
basis. 


Early work by Conn and Robertson (10) using potassium 
42 assessed the exchange rates of potassium between cor- 
onary circulation and the myocardial interstitial fluid and 
between the interstitial and the intracellular f h i d  com- 
partments. Sapirstein used potassium 42 in rats (11) and 
potassium 42 and rubidium 86 in dogs (12) to dletermine 
blood flow to specific organs and observed that 4.5 and 
2.6% of the cardiac output resulted in coronary blood flow 
in dogs and rats, respectively. Not until Love anid Smith 
(13) were able to develop a focusing collimator to image the 


hard y-rays of potassium 42 was this isotope used to 
demonstrate zones of myocardial infarctions. Love et al. 
(14) later demonstrated that 71% of the potassium 42 was 
removed from arterial blood by the myocardium on the 
first pass. 


Because potassium is taken up by other tissues and a 
small amount is maintained in the blood, low T/NT ratios 
were a problem. Poe (15) injected the radionuclide directly 
into the coronary circulation, eliminating the dilution of 
the radiotracer in body fluids. The results he obtained on 
first-pass extraction were similar to those of Love and 
coworkers. Holman et al. (16), using the same technique, 
observed a first-pass extraction rate of only 40%. Intra- 
coronary artery injection, although a common procedure, 
should be used with caution when injecting electrolytes 
such as potassium. Intracoronary infusion of potassium 
alters repolarization and produces fibrillation (17), but no 
reports of repolarization with tracer quantities have been 
cited in the literature. Potassium 38 has been proposed as 
an alternative to potassium 42 and potassium 43 (18). 
However, with the availability of potassium 43 and suitable 
imaging equipment, the use of potassium 38 was not pur- 
sued (19). 


With the availability of potassium 43 and its decreased 
shielding requirements (compared to potassium 42), de- 
creased patient dose, and improved scanning character- 
istics, patient trials were initiated in 1971 (20, 21). The 
noninvasive technique of potassium 43 scanning compared 
well with traditional contrast angiograms (22-26). By 
imaging before and after exercise (27,28), ischemic zones 
and infarcted myocardial areas were demonstrated (29,30). 
This technique provided accurate, noninvasive assessment 
of patients with false-positive ECG exercise tests (31) and 
closely correlated with the reduced flow values of micro- 
spheres (32). With the use of digital computers (33) and 
of gated cardiac blood pool scanning (34), potassium 43 
produced important diagnostic information not obtainable 
from other techniques. 


Potassium 43 is not without its problems: the dosimetry 
is higher than with thallium 201 and rubidium 86 (351, the 
hard y-emissions are difficult to collimate with equipment 
in use today, and the distribution changes after -30 min, 
resulting in reduced T/NT ratios (36). 


Rubidium-Early research on rubidium 86 (37-41) 
prompted Love and Burch to estimate the rate of myo- 
cardial rubidium 86 uptake (42), with and without cardiac 
disease (43), and to evaluate the effect of varying plasma 
flow rates on myocardial uptake (44). They concluded that 
an increased plasma flow rate increased uptake and that 
a decreased flow rate decreased uptake. Nolting et al. (45) 
and other investigators (46-50) reported the opposite 
observation, namely, an increase in rubidium 86 extraction 
at decreased flow rates. However, most reports supported 
the observation of Love and Burch that the flow rate and 
uptake parallel each other (44, 51-55). Conn (56, 57) 
showed that rubidium uptake may depend on factors other 
than flow rates. 


Rubidium 84 was used to evaluate coronary blood flow 
changes (51,58-62), but its decay characteristics preclude 
its use in patients. Ischemic zones and acute myocardial 
infarctions have been demonstrated with both rubidium 
86 (63,64) and rubidium 82 (65-67), a generator-produced 
radionuclide (68). 
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The best isotope of rubidium for scanning is rubidium 
81, which has more favorable photon energies, a desirable 
short half-life, and economic production (69,701. Berman 
and coworkers (71-73) reported better sensitivity and 
specificity when comparing rubidium 81 to stress ECG. 
Rubidium 81 scans compared favorably with intracoronary 
myocardial perfusion scintigrams performed with tech- 
netium 99m-labeled albumin particles (74). Rubidium 81 
scintigrams (75, 76) were used to show perfusion im- 
provement following aortocoronary bypass surgery (77). 
One cause of misdiagnosis in rubidium 81 perfusion scin- 
tigrams was the development of widespread collateral 
vessels or prior myocardial infarction (78). There is less 
absorbed dose with rubidium 81 than with thallium 201, 
with a total body dose estimate of 0.08 mrad/mCi (351, but, 
like potassium, the high-energy y-emissions (Table I) are 
difficult to collimate and image with existing equipment 
(36). 


Cesium-Cesium was first used for infarct imaging by 
Carr et al. (79, 80). Using cesium 131, they visualized 
myocardial infarctions in dogs and humans. Love et al. (81) 
later showed that only 22% of cesium 134 in arterial blood 
was removed during one passage through the heart, a value 
considerably less than that obtained with potassium and 
rubidium and supportive of earlier work on erythrocytes, 
which demonstrated that cesium 134 entered red blood 
cells more slowly than potassium or rubidium (82). Al- 
though cesium 131 has demonstrated anterior myocardial 
infarctions (83), it emits very low energy X-rays, which are 
not suitable for deeper tissue visualizations (Table I). 


Cesium 129 and cesium 134m have energy emissions 
more suitable for imaging deeper tissues (84-86). Yano et 
al. (87) and Sodd et al. (88) prepared cesium 129 as a ra- 
diopharmaceutical, and the former investigators imaged 
patients with coronary disease and normal patients. Ce- 
sium 129 was shown to be effective in demonstrating acute 
myocardial infarction (89) and compared favorably to 
macroaggregated albumin labeled with technetium 99m 
(90) in flow studies. Dosimetry calculations for cesium 129 
showed that it is comparable to thallium 201 with a whole 
body dose of 0.17 rad/mCi (35,91). The whole body dose 


Table I-Radionuclides (Potassium Analogs) Used in 
Myocardial Imaging a 


Major Emissions*, Mev 
kadio- Gamma Positron Beta Half-Life 
nuclide (7)  (P+) (P-) ( t  1/2) 


Potassium 38 2.17 (100%) 2.68 - 7.7 min 
Potassium 42 1.524 (18%) - 3.52 12.35 hr 
Potassium 43 0.373 (85%) - 1.82 (1%) 22.4 hr 


0.619(81%) - 1.20 (3%) 
Rubidium 81 0.511 (64%) 


0.190 (65%)c 
Rubidium 82 0.777 (9%) 
Rubidium 84 0.88 (74%) 
Rubidium 86 1.078 (8.8%) 
Cesium 131 X-rays; 0.029 
Cesium 129 0.375 (48%) 


0.416 (25%) 
Cesium 134m 0.128 (14%) 
Thallium 201 0.135 (2%) 


0.167 (8%) 
X-rays; 0.083 


(98%) 


~. , 


1.03 - 4.7 hr 


3.15 (96%) - 75 sec 
1.66 0.91 33 days 
- 1.78 18.66 days 
- - 9.7 days 
- - 32.1 hr 


- 0.55 2.9 hr 
- - 72 hr 


. a Values taken from “Radiological Health Handbook,” rev. ed., Bureau of Ra- 
diologi+ Health, Rockville, Md., 1970. * Positron and beta particle values are listed 
88 maximum. From daughter krypton 81m. 


for cesium 129 might be reduced further by administering 
Prussian blue orally to inhibit the reabsorption of cesium 
from the gut. As with potassium and rubidium, cesium 129 
emits y-rays that are not suitable for imaging with existing 
equipment (Table I). Considering both the y-ray energy 
and extraction rate, cesium 129 has little, if any, clinical 
use (92). 


Thallium 201-Thallium is a metallic element in Group 
IIIA of the periodic table. Thallium 201 is administered 
as thallous chloride in the ionic (+1) state. Lebowitz et al. 
(93,94) produced thallium 201 for biological distribution 
by irradiating a target of 99.999% pure natural thallium 
metal (29.5% isotopic abundance of thallium 203) with 
31-Mev protons produced by the 152.4-cm Brookhaven 
cyclotron. The nuclear reaction is z03Tl(p,3n)201Pb. The 
lead 201 produced has a half-life of 9.4 hr and is the parent 
for thallium 201. 


Initial interest in the production of thallium 201 as a 
potential myocardial scanning agent began with work on 
thallium 199 by Kawana et al. (95). The ability of thallium 
to mimic potassium in the biological system was reported 
earlier (96-98) and may be due to the fact that the hy- 
drated ionic radius of T1+ is between K+ and Rb+ in size 
(94), thus providing thallium 201 with the ability to enter 
cells through passive diffusion. 


Immediately following Lebowitz’s production of thal- 
lium 201, Bradley-Moore et al. (99) reported biodistri- 
bution studies in goats demonstrating that >3% of the 
injected dose localized in normal myocardium. One ab- 
normality of thallium uptake in normal myocardium noted 
was nonhomogeneous uptake. Strauss et al. (100) found 
the biodistribution to be slightly less in mice, with 2.08% 
of the dose localized in the normal myocardium in mice. 
This amount compared to 1.25% for potassium 43 and 
1.15% for rubidium 81 in the same 10-min interval. 


Dosimetry calculated from goat (99) and rat (35) data 
did not correlate well, with the estimations from goat data 
being 20% higher for the kidneys, 40% higher for the heart, 
and 25% lower for the testes. This variation probably was 
due, in part, to the metabolic variations of species. Early 
patient studies (101,102) confirmed the myocardial uptake 
of thallium 201 in humans. The later work indicated an 
effective half-life of 2.3 days and a whole body radiation 
dose of 162 mradImCi. Both reports indicated the feasi- 
bility of rapid imaging following injection of thallium 201. 
Atkins et al. (103) later reported a whole body dose of 0.21 
rad/mCi following a 1-mCi injection of thallium 201. 
Thallium 201 has been compared, both in experimental 
work (104) and in review articles (35, 105, 106), to potas- 
sium 43, rubidium 81, and cesium 129. Because the ionic 
nature and biological properties are similar, the dosimetry 
(105) and biodistribution (100) of these radionuclides in 
animals have been analyzed. In general, due to radiation 
doses and current y-camera limitations, thallium 201 ap- 
pears to be the most suitable agent of this group (105). 


The ability of thallium 201 to detect and localize myo- 
cardial ischemia as a result of coronary artery disease 
(107-lll), cardiomyopathies (112-114), myocardial in- 
farctions (101, 110, 115-117), and angina pectoris (118, 
119) is well documented. Myocardial blood flow is the 
determining factor for initial myocardial uptake with 
thallium 201. The concentration of thallium 201 during the 
first few minutes accurately depicts well-perfused tissue 
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(100,120,121). This blood flow dependency seen on initial 
scans changes in a short time, and redistribution of the 
radiotracer occurs (122). Initially, tissues with reduced 
blood flow receive less thallium 201 than well-perfused 
tissue. Later, ischemic tissue tends to accumulate thallium 
201 while well-perfused tissue loses activity (123). Animal 
studies (122, 123) demonstrated that within 2 hr, the 
concentration of tracer appeared to equalize between the 
normal and ischemic areas. Maseri et al. (118) studied the 
effect of redistribution of thallium 201 in patients with 
angina pectoris and found that the equilibrium of normal 
and ischemic tissue was complete within 2-4 hr. The re- 
distribution of thallium 201 in patients with coronary ar- 
tery disease appears to be complete within 4 hr and may 
vary depending on the extent of the disease (124). 


Myocardial infarctions will not accumulate thallium 201 
but appear as defects, both in the exercise and resting 
scintiscans. Ischemic zones surrounding infarctions appear 
as cold areas on the exercise scintigrams but will accu- 
mulate thallium 201 during the resting state (111). The 
patient, following maximal exercise stress, is injected and 
imaged immediately (exercise scintigram); in 4 hr, a repeat 
scintigram (redistribution scintigram) is made. This sin- 
gle-dose technique produces results similar to the dou- 
ble-dose exercise and rest scintigram (124). 


Thallium 201 scintigrams have a high sensitivity of in- 
farct identification within 6 hr after onset of symptoms, 
and optimum diagnostic information is obtained within 
24 hr (110). Thallium 201 scans appear to be of little value 
if performed several days following the onset of symptoms 
(1251, partly because the damage done may be irreversible. 
In addition, questionable and false-negative scintiscans 
may be obtained in patients with elevated transaminase 
levels (110). Ischemic regions may not, in selected cases, 
result in abnormal thallium 201 scans. If collateral vessels 
are present, a high incidence of normal-appearing scans 
may be produced. Rig0 et al. (126) demonstrated that 35% 
of the patients with collateral blood flow failed to show 
stress-induced perfusion defects. Although disagreement 
exists (127-130), recent experimental work indicates that 
thallium 201 scans cannot predict the extent of ischemic 
tissue (131). 


Myocardial uptake of thallium 201 may be enhanced or 
diminished by drugs currently used in the treatment of 
conditions associated with the heart. Hetzel et al. (132) 
demonstrated an increase in myocardial uptake of thallium 
201 with bicarbonate. Hamilton et al. (133) produced an 
increase in the myocardium to background ratio by first 
injecting dipyridamole. Costin and Zaret (1341, by first 
injecting propranolol, showed a 32% decrease in thallium 
201 uptake, a greater reduction than the 11% decrease re- 
ported by Hamilton et al. (133) for the same drug. 


It is difficult to differentiate between ischemic and in- 
farcted areas and almost impossible to determine if an 
infarct is old or new using thallium 201 alone (135). The 
utilization of technetium 99m stannous pyrophosphate in 
conjunction with thallium 201 provides additional infor- 
mation essential in differentiating the ischemic tissue from 
acute myocardial infarctions in the presence of previously 
infarcted necrotic tissue (136,137). 


When imaged with current 7-cameras, the low-energy 
emissions of thallium 201 raise questions concerning which 
collimator (pinhole, converging, or high resolution) to use. 


Groch and Lewis (138) reported that a 75-kev converging 
collimator produced the best line spread function and 
modulation transfer function; in addition, they noted that 
the high-resolution collimator may not produce acceptable 
images unless the thallium 202 contaminant in the com- 
mercial thallium 201 is negligible. Nishiyama et al. (139) 
reported increased diagnostic accuracy with the pinhole 
collimator and poor lesion detectability with the con- 
verging collimator. A t  present, the low-energy high-reso- 
lution collimator provides the most information and is the 
collimator of choice in the clinical setting (108,110, 115, 
122). 


Attempts to improve the diagnostic quality of thallium 
201 scintiscans using computers have been reported. 
Graphic representation (140) and ECG synchronization 
(141) have been attempted to improve lesion detectability. 
Observer variability (142) and small infarction detection 
(143) may be improved by utilizing computer manipulation 
of data and by close attention to exercise techniques 
(144). 


Nitrogen 13-Nitrogen 13, which decays by positron 
emission (6’) with a 10-min half-life (145), is the only 
feasible radionuclide of nitrogen. Uptake studies in dogs 
(146-148) indicated that 13N-labeled ammonia was cleared 
rapidly from the blood and localized well in the myocardial 
tissue, although skeletal muscle, liver, kidney, and brain 
activity also was noted. In human subjects, researchers 
indicated rapid clearance from the blood (85% in 1 mid ,  
estimated a whole body dose of 5 mrad/mCi assuming 
uniform distribution (1491, and demonstrated ischemic 
myocardium (150) and cold spot imaging of infarctions 
(151,152). 


T o  image the positron emissions, nitrogen 13 requires 
special equipment that is not available in most hospitals. 
In addition, the 10-min half-life of nitrogen 13 requires 
that the production facility and synthesizing equipment 
be very near the hospital (Table 11). 


Technetium 99m Complexes-Macroaggregated Al- 
bumin-Early attempts at myocardial scanning with 
macroaggregated albumin utilized iodine 131 as the ra- 


Table 11-Radionuclides Used in Myocardial Imaging p 


Major Emissionsb, Mev 
Radio- Gamma Positron Beta Half-Life 
nuclide (Y) (P+) (P-)  ( t l / Z )  


Nitrogen 13 
Gallium 67 


Fluorine 18 
Technetium 99m 
Iodine 123 
Iodine 131 


Xenon 127 


Xenon 133 
Krypton 81m 
Krypton 85 
Mercury 197 
Mercury 203 
Erbium 165 


0.093 (40%) 
0.184 (24%) 
0.296 (22%) 
- 


0.140 (90%) 
0.159 (83%) 
0.364 (82%) 
0.637 (6.8%) 
0.203 (65%) 
0.172 (22%) 
0.375 (20%) 
0.081 (37%) 
0.190 (65%) 
0.514 (0.41%) 
0.077 (18%) 
0.279 (77%) 
X-rays; 


0.050 


0.635 - 
- - 
- - 
- 0.806 
- 0.606 - - 


10 min 
78 hr 


110 min 
6.1 hr 


13.3 hr 
8.05 days 


36.4 days 


5.3 days 
13 sec 
10.8 years 
65 hr 
46.9 days 
10.3 hr 


Values taken from “Radiological Health Handbook,” rev. ed., Bureau of Ra- 
diologi@ Health, Rockville, Md., 1970. b Pcaitron and beta particle values are listed 
as maximum. 
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diolabel. Quinn et al. (153) identified coronary branch 
occlusions in dogs, and Endo et al. (154) demonstrated 
ischemic zones in patients using macroaggregated albumin. 
Ashburn et al. (155) labeled macroggregated albumin with 
technetium 99m and iodine 131 and demonstrated bilat- 
eral areas of reduced blood flow in patients with coronary 
artery disease by injecting the 99mTc-labeled particles into 
the left coronary artery.and 1311-labeled particles into the 
right coronary artery, utilizing separate or composite im- 
ages. Currently, only 99mTc-labeled macroaggregated al- 
bumin is used due to the high radiation dose of iodine 
131. 


Sources of errors utilizing macroaggregated albumin 
have been characterized (156,157), and improvements in 
labeling with technetium 99m have been reported (158). 
Acute myocardial infarctions have been demonstrated with 
macroaggregated albumin (159), but care must be taken 
because variations in uptake with different particle sizes 
have been reported (160-165). The safety of injecting ra- 
diolabeled particles (macroaggregated albumin) into the 
coronary arteries has been questioned (166-168), but no 
alterations in myocardial status have been noted. Gould 
et al. (169) observed the behavior of two injections of 
99mTc-labeled macroaggregated albumin, one in the 
normal state and one following vasodilation. They ob- 
served decreased tracer uptake distal to the coronary ar- 
tery narrowing following vasodilation. This technique has 
the disadvantage of requiring surgical intervention for 
intracoronary artery injection and does not accurately 
reflect regional rates of local myocardial capillary blood 
flow (170). 


Human Serum Alburnin-wmTc-Labeled human serum 
albumin and computers have been used to produce mul- 
tiple-gated acquisition images. A complete cardiac cycle, 
terminating at end systole or end diastole, is recorded for 
-800 cardiac cycles (-10 min) following intravenous in- 
jection of 20 mCi of 99mTc-labeled human serum albumin, 
and the cycles are summed by the computer. By viewing 
a full cardiac cycle, regional wall motion abnormalities can 
be observed (171-173). This technique may be valuable in 
determining the ejection fraction and end diastolic volume 
in patients with acute myocardial infarction (174), espe: 
cially inferior wall infarctions (175). Multiple-gated ac- 
quisition images do not provide any information con- 
cerning the integrity of the myocardial blood supply, the 
presence of a myocardial infarction, or the age of the le- 
sion. 


Radiolabeled Metabolites-Fatty Acid Analogs- 
The normal myocardial tissue readily extracts fatty acids 
and utilizes them via P-oxidation as a source of energy 
(176-181). In myocardial tissue, oxidation appears to be 
the major metabolic pathway for fatty acids (182). Bragdon 
and Gordon (183) showed major uptake of [l-14C]palmitic 
acid in muscle and liver; by feeding rats carbohydrates, 
they noted increased radiolabel in the heart. The extrac- 
tion of [l-14C]palmitate appears to be inversely related to 
the coronary blood flow; in hypoxic states, alteration in 
fatty acid metabolism from P-oxidation to triglyceride 
formation was reported (184). 


Evans and coworkers first demonstrated the myocardial 
uptake of radioiodinated oleic acid in dogs (185) and hu- 
mans (186,187) and proposed the use of 1311-labeled oleic 
acid to demonstrate areas of reduced blood flow or me- 


tabolism. They demonstrated maximum uptake of label 
in the myocardium within 20 min. Low specific activity of 
the labeled fatty acid and relatively poor physical char- 
acteristics of iodine 131 limited its use. 


The greatest extraction of radioiodinated fatty acids 
occurs in the first pass (188), and the activity of radiola- 
beled oleic acid analogs in the myocardium drops to -5% 
at  60 min (189). Oleic acid radioiodinated by double-bond 
saturation is not extracted as efficiently as natural com- 
pounds (190). By terminally labeling hexadecenoic acid 
with iodine 123, improved imaging characteristics were 
observed (191,192). The a-labeled hexadecenoic acid has 
a dosimetry estimate of 0.03 rad/mCi, assuming uniform 
distribution and relatively pure iodine 123 (193). The 
w-labeled 16-iodo-9-hexadecenoic acid is metabolized 
rapidly to iodoacetate and deiodinated (193). The resulting 
free iodide in the blood (194) increases blood background 
radioactivity; similar observations were made by Beier- 
waltes et al. (195) with 13iI-labeled oleic acid. 


With a myocardial half-life of 25 min (196), 1231-labeled 
hexadecenoic acid demonstrated ischemic defects in pa- 
tients with coronary artery disease (196) or infarctions 
(197). The extraction rate of -70% was comparable to that 
of potassium 43 (198). Using I4C-labeled oleic acid, Bil- 
heimer et al. (199) showed that more fatty acid accumu- 
lates in the border and peripheral zones of infarction than 
in normal cells. Attempts at improvements in formulation 
(195) and labeling with other radionuclides such as carbon 
11 (200,201), fluorine 18 (202), chlorine 34m and bromine 
77 (194), technetium 99m (203-205), and tellurium 123m 
(206-208) have not significantly improved fatty acids for 
myocardial scanning. 


The most promising of these agents, W-labeled palmitic 
acid (209-211), will not be in routine use in the near future 
because of the need for specialized equipment (212). The 
additional problems of specific activity and formulation 
(213) also must be overcome for fatty acids to provide in- 
formation not currently obtainable concerning acute 
myocardial infarctions and accompanying ischemia. 


0-Adrenoceptor Blocker Analogs-Jiang et al. (214) 
synthesized tyramine-containing analogs of P-adreno- 
ceptor blockers and, by labeling them with iodine 123, 
determined their distribution in rats as potential myo- 
cardial imaging agents. Of the four compounds synthe- 
sized, only one, a derivative of practolol, showed sufficient 
heart to blood ratios to be promising. The problem en- 
countered was a myocardium to lung ratio of two, insuffi- 
cient to image changes in myocardial uptake. 


Toluidine Blue Analogs-Kang (215) proposed tolui- 
dine blue analogs as agents in infarct imaging because 
unlabeled toluidine blue did not concentrate as well in the 
infarcted tissue as in the normal tissue. However, using 
radioactive iodotoluidine blue, no selective uptake by the 
myocardium was noted by Archer et al. (216,217). Carr et 
al. (218) attempted to increase the T/NT ratio by injecting 
a loading dose of cold toluidine blue prior to the radioactive 
compound. They were able to obtain a normal myocardium 
to blood ratio of 12:l and an infarct to normal ratio of 0.18 
(f0.31):1, which was insufficient for imaging purposes. 


Bretylium Analogs-Counsel1 and coworkers (219-221) 
synthesized the ortho-, meta-, and para-analogs of 
bretylium, radioiodinated these compounds with iodine 
125 and iodine 131, and reported results in animals, but an 
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increase in serum glutamic oxaloacetic transaminase 
levels of patients caused clinical trials to be canceled. 


13N-Labeled L-Asparagine-Gelbard et al. (222) la- 
beled L-asparagine with nitrogen 13 and injected the pu- 
rified compound into two dogs to assess organ uptake of 
the compound. The compound localized in the myocar- 
dium (13.7% of the injected dose), with an equal amount 
in the liver. Maximal uptake appeared within minutes in 
both organs. 13N-Labeled compounds require special 
equipment that is not available to most nuclear medicine 
departments, and no subsequent work has appeared in the 
literature. 


Iner t  Gas Radionuclides-Although several different 
radioactive isotopes have been used, the technique is 
similar. Herd et al. (223), using krypton 85, studied myo- 
cardial blood flow in dogs. The technique, applied later in 
humans (224,225), provided blood flow rates in myocardial 
tissues. Xenon 133 in solution was used by Ross et al. (226) 
because it has better decay characteristics than krypton 
85 (Table I). By injecting xenon 133 following selective 
coronary arteriography, the myocardial blood flow and 
washout were recorded. 


Today, the technique consists of single- (227-231) or 
multiple-crystal scintillation Oameras (232-234) externally 
measuring washout curves in different regions of the 
myocardium following injection of xenon 133 directly into 
the coronary arteries. Computer analysis determines the 
rate constants of regional clearance from the heart muscle. 
No complications have been noted with this technique 
(235-239), and it correlates well with the flowmeter tech- 
nique (240, 241). Xenon 127 has been proposed as a re- 
placement for xenon 133. Although improved decay 
characteristics (Table 11) result in improved imaging and 
dosimetry, its long half-life (36.4 days) may produce 
storage and disposal problems. 


This drawback is not shared by krypton 81m with a 
half-life of 13 sec and y-emission of 0.190 Mev (65%), which 
also has been proposed as a replacement for xenon 133. 
Produced from rubidium 81 (242-247), the krypton 81m 
is continuously infused in 5% dextrose into the coronary 
artery (248-250) directly from the generator. 


HOT SPOT IMAGING 


Radionuclides as Inorganic Salts-Gallium 67- 
. Gallium 67 localizes in inflammatory processes, resulting 
in a hot spot, an area containing more activity than sur- 
rounding tissue. Kramer et al. (251) reasoned that, since 
inflammation accompanies myocardial infarctions, gallium 
67 might localize sufficiently to identify acute myocardial 
infarctions. In patients with gallium 67 localization, the 
uptake correlated well with conventional techniques such 
as ECG and angiography, but only 63% of the cases with 
confirmed acute myocardial infarction showed gallium 67 
uptake. 


Fluorine 18-Bonte et al. (252) first proposed fluorine 
18 as a potential infarct-avid agent but demonstrated less 
uptake than with technetium 99m stannous pyrophos- 
phate in acute myocardial infarction, a result later con- 
firmed by Weber et al. (253). Cochavi et al. (254), using 
improved tomography equipment, reevaluated fluorine 
18 and determined that, although sufficient uptake for 
imaging was noted, uptake peaked a t  48-72 hr postin- 


farction. This delay in imaging of 48-72 hr negates the 
usefulness of the technique for early identification. 


Erbium 165-Erbium 165 citrate (255) has been shown 
to have an affinity for myocardial infarcts in dogs with 
infarct to normal ratios of 2.5:l at  2 hr, 12.5:l at  8 hr, and 
108:l at  24 hr. However, its low-energy photopeak at  0.050 
Mev with a half-life of 10 hr may preclude its use with 
current imaging equipment. 


Technetium 99m Complexes-Te t racyc 1 ine -Male k 
et al. (256), working with fluorescent identification of 
tetracycline in dogs, noted increased uptake of this anti- 
biotic in acute myocardial infarctions. Holman and co- 
workers (257-259) labeled tetracycline with technetium 
99m and attempted to identify acute myocardial infarc- 
tions directly via hot spot imaging. They observed maxi- 
mal infarct to normal myocardium ratios of 8.4:1, requiring 
24 hr for sufficient blood clearance. In 24 hr, technetium 
99m has decayed four half-lives, reducing the photon yield 
appreciably. With a low photon yield, a 24-hr wait before 
imaging, and insufficient T/NT ratios, tetracycline was not 
pursued as an agent in acute myocardial infarction scan- 
ning. 


Clucoheptonate-Although complete blood clearance 
of technetium 99m glucoheptonate is not achieved, the 
clearance is much more rapid than that of tetracycline. 
Rossman et al. (260) detected glucoheptonate uptake 
shortly after injection in animals, with acceptable infarct 
to normal ratios of 20:l. In subsequent studies (261-263), 
infarct to blood ratios were not sufficient to identify acute 
myocardial infarctions consistently; only one of four pa- 
tients with documented acute myocardial infarctions 
showed diagnostic glucoheptonate scans. 


Pyrophosphate-Bonte et al. (264) first reported the 
use of technetium 99m stannous pyrophosphate to dem- 
onstrate myocardial infarctions in closed-chest dogs. Soon 
thereafter, Parkey et al. (265) observed similar results in 
human patients. These early studies, followed by clinical 
trials performed by Holman et al. (266), prompted a great 
deal of research concerning technetium 99m pyrophos- 
phate, currently the most widely used hot spot radio- 
pharmaceutical for myocardial infarct imaging. 


The study of Tetalman et al. (267), using technetium 
99m pyrophosphate in 103 patients, found 68.7% true 
positives and 92.4% true negatives, compared with the 
findings of Holman et al. (266) of 100% true positives and 
80% true negatives. Most published studies indicated true 
positives and true negatives within this range of values. 
Tetalman et al. (267) also indicated that a negative scan 
does not rule out the possibility of a recent small N2.5 cm), 
subendocardial, myocardial infarct. 


The ability to size acute anterior transmural myocardial 
infarctions in dogs accurately has been reported (268-271). 
Bruno et al. (272) reported the ability to detect infarctions 
of 1% of the left ventricular mass in dogs. Other experi- 
mental work with the canine model appears less encour- 
aging. Zaret et al. (273) found more uptake in the border 
zones of acute infarctions, while Marcus et al. (274) dis- 
couraged the utilization of the intensity of technetium 99m 
pyrophosphate images for infarct sizing. Technetium 99m 
pyrophosphate is sequestered in bone as well as damaged 
myocardium, providing excellent landmarks for locating 
the myocardium and infarcted tissue. However, this po- 
tentially limits its ability to define the extent of the in- 
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farction due to labeling of the sternum and rib cage. Al- 
though pyrophosphate is a superior imaging agent, there 
are cases where the borders of the infarct are totally ob- 
scured by overlying bone. 


In patients with inferior infarction (275) and subendo- 
cardial infarction (276, 277), the estimation of infarct size 
by a scintigram does not correlate well with enzyme levels. 
Massie et al. (276) reported only a 32% discrete uptake in 
patients with nontransmural infarction, compared with 
84% of patients with a transmural infarction. The difficulty 
in determining the size of inferior, as well as subendocar- 
dial, infarctions has been reported (278). 


The flow-dependent uptake of technetium 99m pyro- 
phosphate (272-274, 279, 280) may limit its ability to 
provide accurate assessment of acute myocardial infarction 
size. The amount of radioactivity is inversely related to the 
extent of infarction after permanent occlusion and is di- 
rectly related to the extent of infarction after transient 
occlusion (272). 


The ability of technetium 99m pyrophosphate to localize 
in myocardial tissues following acute myocardial infarction 
is well documented (264-267,281); however, other condi- 
tions also may result in myocardial uptake. Both diffuse 
and localized uptake have been reported with subendo- 
cardial and transmural portions of the left ventricle (267, 
282-284) or the right ventricle (285). Technetium 99m 
pyrophosphate also will localize in old myocardial infarc- 
tions (282, 286-290), old myocardial infarctions with or 
without ventricular aneurysm (282, 286, 291, 292), sub- 
clinical necrosis of the myocardium (291), carcinoma 
invasion of the left ventricle (293), myocardial contusions 
(294-296), valvular calcification (297,298), stable angina 
pectoris (283,292,299), unstable angina pectoris (267,283, 
292,300), primary cardiomyopathy, and congestive heart 
failure (301, 302). In addition, technetium 99m pyro- 
phosphate also accumulates in the myocardium following 
coronary artery bypass graft surgery (303), in high-energy 
cardioversion (304,305), in benign and malignant breast 
lesions in females (306, 307), in experimental viral mild 
pericarditis (3081, and in several cases of unknown etiology 
(309). 


Experimentally infarcted myocardium has the potential 
of accumulating technetium 99m pyrophosphate within 
12 hr following myocardial insult (264,265). Because of this 
observation, initial patient scintigrams are obtained 12-24 
hr postinfarction. In cases where the 12-24-hr postinfarct 
scintigram is negative, a second scintigram at 48-72 hr is 
recommended if acute infarction is strongly suspected 
(310). With the necessity for early detection and inter- 
vention, a technetium 99m pyrophosphate scintigram may 
be performed as early as 4 hr following the suspected injury 
(311). However, this approach results in a decrease in 
sensitivity. Images of the myocardium are usually taken 
2 hr following injection of the radiopharmaceutical but 
may be taken as early as 90 min postinjection. If uptake is 
not localized, followup imaging should be done at  4 hr to 
allow time for blood clearance. 


The mechanism of localization of technetium 99m py- 
rophosphate in the myocardium is unclear. Bonte and 
coworkers (264,312) postulated that the phenomenon of 
calcium localization within the mitochondria reported by 
D'Agostino (313) and later by D'Agostino and Chiga (314) 
was the mechanism of localization. Shen and Jennings 


(315,316) discussed accumulation of calcium as an index 
of irreversible myocardial cell damage resulting from 
ischemia. Dewanjee and coworkers (317, 318) proposed 
that the uptake of technetium 99m pyrophosphate could 
be due to the formation of polynuclear complexes with 
denatured macromolecules rather than to the formation 
of calcium phosphate complexes. These investigators re- 
ported most of the technetium 99m pyrophosphate activity 
to be associated with macromolecules rather than nuclei, 
mitochondria, and microsomes. 


Methylene Diphosphonate-Following the success of 
pyrophosphate as a myocardial agent, virtually all bone 
agents have been used in an attempt to image acute myo- 
cardial infarctions. As with pyrophosphate, these agents 
have the disadvantage of bone uptake with varying degrees 
of infarct to bone ratios as well as infarct to normal myo- 
cardium ratios. Technetium 99m methylene diphospho- 
nate has a greater affinity for infarcted myocardium, but 
its bone uptake is too high to prove useful. The infarct to 
normal ratio (27.9:l) exceeds most reports of pyrophos- 
phate, but the infarct to bone ratio (0.4:l) does not allow 
sufficient visualization of myocardial damage that may lie 
beneath the ribs (319). 


Polyphosphate-Polyphosphate studies in animals 
(320) and humans (321-323) showed good infarct to bone 
ratios, but optimum images were obtained 2-3 days post- 
infarction (323), delaying treatment. 


Diphosphonate-Technetium 99m disphosphonate, 
although taken up by infarcted tissue, accumulates un- 
evenly, preventing accurate assessment (324). 


Ethylenediaminetetramethylenephosphonic Acid- 
Holman et al. (325), labeling ethylenediaminetetra- 
methylenephosphonic acid with either indium 113m or 
technetium 99m, found the agents to be specific for in- 
farcts. The infarct to normal ratio was 50% of published 
technetium 99m pyrophosphate values. Dewanjee and 
Kahn (326) reported good infarct to normal ratios with 
ethylenediaminetetramethylenephosphonic acid (40-501) 
but high bone uptake (5047% of the injected dose). 


Imidodiphosphonate-Preliminary work on rabbits 
(327) indicates that imidodiphosphonate labeled with 
technetium 99m has a greater infarct to normal ratio than 
pyrophosphate (14:l at  1 hr and 33:l at  6 hr). Subsequent 
work on rats (328) and preliminary work on 50 patients 
(329) indicated improved uptake over pyrophosphate, 
although in-depth studies have not been completed. 


Radiolabeled Metabolites-Mercurials-Carr et al. 
(330) first demonstrated hot spot imaging of acute myo- 
cardial infarctions with 20"Hg-labeled chlormerodrin' and 
reported 16 infarct to normal ratios greater than 15%. The 
initial study in dogs (330), later repeated in humans (331), 
was promising, but limited equipment hindered diagnostic 
effectiveness. Gorten et al. (332) also demonstrated the 
propensity of 203Hg-labeled chlormerodrin to localize in 
acute myocardial infarctions of swine. Malek et al .  (333), 
using mercury 197 and mercury 203 labeling, produced a 
series of radiolabeled difluorescinylmercury and mono- 
and bis-hydroxymercurifluorescein derivatives. After 
improving the specific activity (334), they reported T/NT 
ratios of 20-77% (335). Subsequent work confirmed the 
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infarct avidity of mercury-radiolabeled fluorescein de- 
rivatives but with varying T/NT ratios (336-338). 


Recent work on structure-activity relationships of 
phthaleins (339) and fluoresceins (340,341) has shown that 
diiodohydroxymercurifluorescein has almost six times the 
avidity of technetium 99m pyrophosphate for acute myo- 
cardial infarctions. 203Hg-Labeled hydroxymercurifluo- 
rescein has a T/NT ratio of 51.5(&13.5):1 and an infarct 
to blood ratio of 22.1(f8.1):1. Although less than the flu- 
orescein derivatives, the ratios of the phthalein derivatives 
were higher than those of technetium 99m pyrophosphate, 
with ratios of 20.7-34.1:l and 12.1-20.1:1, respectively 
(339). The structure requirements are a polycyclic organic 
moiety and a hydroxymercury group, with the latter 
(mercury 203 and mercury 197) structural requirement 
being more important. 


The mercury-labeled compounds are hampered by poor 
decay characteristics (Table 11) and higher absorbed ra- 
diation doses than 99mTc-labeled compounds. 
Cardiac Myosin-Specific Antibodies (Fab’)z-Khaw 


et al. (342) showed that myocardial uptake in acute myo- 
cardial infarction tissue, resulting in a hot spot image with 
‘“‘I-labeled Ab(Fab’)z, was the result of antigen-antibody 
reactions rather than a nonspecific sequestration of pro- 
teins (343). Ab(Fab’)a uptake is very specific and inversely 
related to blood flow (344). Imaging must be delayed at  
least 48 hr following intravenous injection (345). Khaw et 
al. (346) reduced the delay in imaging by injecting the ra- 
diopharmaceutical directly into the main left coronary 
artery in dogs. Localization in infarcted tissue occurred 
within 30 min, resulting in a T/NT ratio of 34.3(f1.5):1. 


Khaw et al. (347) recently reported formation of a bi- 
functional chelate labeled with Ab(Fab’)z, which was la- 
beled with gallium 68. The bifunctional chelating agent 
diethylenetriaminepentaacetic acid was used and tested 
in dogs with reported T/NT ratios as high as 1OO:l. 
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Abstract 0 Several conflicting observations in the literature raised 
considerable doubt about the metabolic fate of doxycycline, which, like 
other tetracyclines, has been claimed to be metabolically inert. A double 
liquid chromatographic approach was used in an attempt to demonstrate 
the polar metabolites and/or conjugates in excreta of human volunteers 
who ingested the drug. Both ion-exchange and reversed-phase chroma- 
tography faiied to reveal significant by-products in urine and feces, except 
for minor amounts of 4-epidoxycycline. In addition, enzymatic hydrolysis 
procedures did not present any evidence of the conjugates. Thus, the 
different excretion behavior of doxycycline, compared to other analogs, 
cannot be explained in terms of increased metabolism. 


Keyphrases Doxycycline-tetracycline analog, metabolic fate, 
analysis, human urine and feces Liquid chromatography-analysis, 
doxycycline in human urine and feces 0 Antibacterials-doxycycline, 
metabolic fate, analysis in human urine and feces 


It is generally accepted that tetracycline antibiotics are 
not metabolized in the human body (1-4). However, con- 
siderable doubt still exists concerning the fate of the more 
lipophilic derivatives (5,6). A study with 3H-labeled dox- 
ycycline failed to reveal by-products in excreta, but a 
rather poor chromatographic technique had been used 
(7). 


Some investigators noted a dramatic decrease in the 
half-life of the drug following coadministration of typical 
enzyme-inducing substances, including barbiturates (8), 
antiepileptics (9, lo), and ethanol (11). This observation 
was explained in terms of accelerated doxycycline me- 
tabolism and led to speculation concerning the formation 
of conjugates (10). However, other investigators did not 
support these views and questioned the reliability of the 
effect (12). Furthermore, an unidentified, biologically in- 
active fraction is claimed to occur in feces (13-15) and 
might be due to intestinally formed metabolites. 


The lack of suitable chromatographic techniques has 
hampered the unambiguous settling of these controversial 
observations. This paper reports the use of liquid chro- 
matography for detecting possible doxycycline by-prod- 


ucts in human urine and feces. In addition, enzymatic 
hydrolysis was carried out in order not to overlook conju- 
gates. Although a similar approach allowed demonstration 
of minocycline metabolites in urine (16), strong evidence 
is presented here for the metabolic inertness of doxycy- 
cline. 


EXPERIMENTAL 


Chromatography-Two liquid chromatographs’, equipped with a 
sample valve2 and a variable-wavelength detector3 operated at  350 nm, 
were used. The first column (10 X 0.46 cm) consisted of a strong cation- 
exchange material4 and was utilized with a 3862 (v/v) mixture of etha- 
nol-O.1 M citrate buffer (pH 4.6) containing 0.05% edetate disodium as 
the eluent. A reversed-phase system, previously reported for the quan- 
titative determination of doxycycline in human serum and urine (17), 
was applied to feces samples as well. 


Collection of  Excreta-A single 200-mg doxycycline dose was ad- 
ministered orally to human volunteers just after a light breakfast. Urine 
was collected over the following 24 hr. Three days after administration, 
feces samples were taken. Blank samples were obtained before drug in- 
take. 


Extraction of  Urine and Feces-Urine samples were extracted with 
ethyl acetate as described previously (17). 


Feces (0.8 g) were homogenized in 0.2 M HCl(l2 ml) using a high-speed 
mixers. After centrifugation, a 1-ml aliquot of the supernate was neu- 
tralized with 1 M NaOH and buffered with 1 ml of phosphate-sulfite 
buffer (pH 6) (17). Extraction was performed with 10 ml of ethyl acetate. 
The organic layer was evaporated to dryness6, and the residue was re- 
dissolved in 1 ml of the chromatographic solvent of either the reversed- 
phase or the ion-exchange system. Finally, 20-100 pl was injected onto 
the columns. Alternatively, feces were homogenized in 0.2 M acetate 
buffer (pH 5) and processed in a similar way. 


Hydrolysis Procedures-Urine samples and feces homogenates were 
adjusted to pH 5 using acetic acid and 2 M NaOH, respectively. Then, 
they were incubated at 37” with the arylsulfatase-glucuronidase enzyme 


~~ ~~ ~~ 


Model 8500, Varian Associates, Palo Alto, Calif. 
2 Model CV-6-UHPa-NG0, Valco Instruments Co., Houston, Tex. 
3 Varichrom, Varian Associates, Palo Alto, Calif. 
4 Nucleosil SA, 5 pm, Machery & Nagel, Diiren, West Germany. 


Virtis S 23, Virtie Research Equipment, Gardiner, N.Y. 
Rotary Evapo Mix, Buchler Instruments, Fort Lee, N.J. 
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Figure 1-Chromatograms of a blank urine extract (A) and a urine 
extract obtained after doxycycline administration (B). Peak 1 is dox- 
ycycline. A 10 X 0.46-cm Nucleosil S A  (5 pm) column was used, and the 
mobile phase was ethanol4.1 M citrate buffer (pH 4.6) with 0.05% 
edetate disodium (38:62 ulu)  at  a flow rate of 1 mllmin. 
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Figure 2-Chromatograms of urine obtained from a volunteer who in- 
gested 200 mg of doxycycline (A) and a blank urine chromatogram (BJ. 
Key: 1, unidentified doxycycline by-product; 2, unidentified peak; 3, 
4-epidoxycycline; and 4, doxycycline. A 10 X 0.2-cm Lichrosorb RP8 (5 
pm) column was used, and the mobile phase was acetonitrile-O.1 M citric 
acid (24.76 vlu) a t  a flow rate of 0.5 mllmin. 
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Figure 3-Chromatograms of a feces extract obtained after dorycycline 
administration (A) and of a blank feces extract (B). Peak 1 is doxycy- 
cline. Conditions were the same as in Fig. 1. 


complex from Helix pomutia' (200 pl of the enzyme solutionlml) for 48 
hr. Reference samples containing no enzyme were kept simultaneously 
under the same conditions. Feces samples homogenized in the acetate 
buffer were incubated without pretreatment. 


RESULTS 


Urine-Injection of urine extracts onto the ion-exchange column 
yielded one large doxycycline peak (Fig. 1). The chromatographic pattern 
in the reversed-phase system (Fig. 2) was more composite but also did 
not show signifkant additional peaks. The retention time of the principal 
accompanying peak (peak 3) corresponded to that of 4-epidoxycycline. 
Unfortunately, its spectrometric characteristics were difficult to deter- 
mine because of a coejuting compound. For an unknown reason, the ep- 
imer eluted as an extremely distorted peak from the ion-exchange col- 
umn. This could explain its absence in urine chromatograms obtained 
on this particular column. Direct injection of undiluted urine did not 
reveal additional doxycycline-related peaks in the chromatograms, nor 
did detection at  other wavelengths (270 and 430 nm). 


After incubation with hydrolyzing enzymes, no increase of the doxy- 
cycline peak was observed when compared to reference samples. 


Feces-A chromatogram of a feces extract obtained on the ion-ex- 
change column showed a single doxycycline peak (Fig. 3). Reversed-phase 
chromatograms (Fig. 4) again illustrated the absence of major additional 
peaks. A peak corresponding to 4-epidoxycycline was barely detectable 
(peak 2). Peak 1 probably was an artifact since it has been observed in 
serum, urine, and fresh standard solutions as well (17). Results were 
confirmed by direct injection of the homogenates without extraction. 


DISCUSSION 


Application of two liquid chromatographic techniques in combination 
with hydrolysis procedures strongly suggests the absence of polar doxy- 
cycline metabolites and conjugates in urine. Components that are more 
polar than doxycycline normally will elute before doxycycline from a 
reversed-phase column. A minor extra peak probably is attributable to 


Solution in water (Boehringer, Mannheim, West Germany); glucuronidase 
activity was 5.2 unitdm1 (38", phenolphthalein monoglucuronide as the subatrate); 
arylsulfatase activity was 2.6 unitdm1 (38O, phenolphthalein disulfate as the sub- 
strate). 
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Figure 4-Chromatograms of a blank feces extract (A) and a feces ex- 
tract obtained after doxycycline administration (B). Key: 1, unidentified 
doxycycline by-product; 2,I-epidoxycycline; and 3, doxycycline. Con- 
ditions were the same as  in Fig. 2. 


4-epidoxycycline. Its presence is not unlikely because a weakly acidic 
medium is known to catalyze epimerization (18). 


Thus, the lower urinary doxycycline levels, compared to those of the 
classical tetracyclines, are not due to the presence of biologically inactive 
metabolites but rather are caused by increased tubular reabsorption (19), 
which is in agreement with the stronger lipophilic character of the 
drug. 


Doxycycline is claimed to be excreted in the feces by direct diffusion 
through the intestinal wall (13,14); biliary excretion seems to be of minor 
importance (12). Because no extra peaks were detected, the exact nature 
of the biologically inactive fecal fraction, if present, cannot be elucidated 
easily using chromatographic techniques. The observation of the present 
investigators indirectly supports the currently accepted theory of the 
chelate formation between doxycycline and divalent cations leading to 
partial biological deactivation (20). Homogenization of feces in hydro- 
chloric acid releases doxycycline from the complex. The need for a rela- 
tively strong acid to recover all fecal doxycycline is documented (13). The 


quasi-absence of the epimeric form can be rationalized in terms of the 
less favorable pH medium in the intestine. The possibility of hydrolysis 
of labile conjugates in the strong acid prior to enzymatic attack was not 
considered because homogenization in the less aggressive acetate buffer 
yielded the same results. 


Because the existence of metabolites was not indicated, the interaction 
between doxycycline and certain drugs cannot be explained in terms of 
enzyme induction. On the other hand, displacement of the drug from 
plasma proteins might be the mechanism involved. Although doxycycline, 
unlike other analogs, is excreted uia an alternative intestinal pathway, 
metabolism is not a supplementary factor distinguishing the drug from 
the classical tetracyclines. 
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Abstract 0 Microcapsules of methylglyoxal, methylglyoxal bis(guan- 
ylhydrazone), and methylglyoxal-ascorbic acid condensation complex 
were prepared and release curves were determined. The effect of various 
concentrations of hydrochloric acid on the decomposition of the ascorbic 
acid complex was investigated. 


Keyphrases Methylglyoxal-preparation of microcapsules of 
methylglyoxal, methylglyoxal bis(guanylhydrazone), or methylgly- 
oxal-ascorbic acid complex, decomposition in aqueous solution Re- 
lease-of microcapsules of methylglyoxal, methylglyoxal bis(guany1hy- 
drazone), or methylglyoxal-ascorbic acid complex, decomposition in 
aqueous solution Microencapsulation-symposium, preparation of 
microcapsules of methylglyoxal and derivatives for gradual release in 
aqueous solution 


In Szent-Gyorgyi's model for tumorgenesis, the sequence 
of reactions is: (a )  methylglyoxal (I) or a related compound 
interferes with cell division, ( b )  release of glyoxalase I by 
an oncogenic agent reduces the I concentration, and ( c )  cell 
division then proceeds unhindered (1). Aside from using 
inhibitors of glyoxalase I (2-5), one may attempt to rees- 
tablish control of cell division by administering I or suit- 
able derivatives. 


Compound I, the bis(guany1hydrazone) of I (11) (6) ,  and 
the methylglyoxal-ascorbate condensation product (111) 
(7) inhibited the growth of Ehrlich ascites tumor cells in 
mice'. Since the toxicity of I and that of complexes with 
I generally is high (8 ) ,  such compounds have been mi- 
croencapsulated for gradual release. 


Although the prospects for gradual release are not 
promising due to the high solubility of each compound in 
water, gradual release from such microencapsulated 
products has been observed. 


EXPERIMENTAL 


Production of Microcapsules-A 20% methylene chloride solution 
of polymethyl methacrylate2 (very high molecular weight) was emulsified 
(5:l) with an aqueous solution of I or either derivative by stirring on an 
homogenizerJ a t  a setting of 2.5 (2-5 min). To this solution was added 10 
parts of a 1% solution of gelatin4 (or polyaminoacid), and the original 
water/oil emulsion was converted to a (water/oil)water emulsion by 
stirring at a setting of 4 (-10 min). This emulsion was stirred magnetically 
for 5-6 hr a t  room temperature. Compound I1 was purchased2. 


In each case, the product was sifted through a 500-mesh sieve5 and then 
centrifuged at  4000 rpm to a paste. 


Stability of 111-Compound 1116 was unstable under all conditions 
but less so at  high acidity. Its decomposition rate was tested in various 
concentrations of hydrochloric acid. Compound 111 (3.9 mg) was allowed 
to stand for various periods in 50 ml of each hydrochloric acid concen- 
tration (Fig. 1). The entire experiment was shielded from light. 


Release Experiments-For reloase of I, 8 g of the moist paste of I 
microcapsules was stirred magnetically in 500 ml of 4.6% HCl. Release 


T. F. Slater, Brunel University, Brunel, England, personal communication. 
Aldrich Chemical Co., Metuchen, N.J. 
Sorvall Omni-Mixer, Newtown, Conn. ' Swine skin type 1, -300 hloom. Sigma Chemical Co., St. Louis, Mo. 


6 W. S. Tyler Co., Mentor, Ohio. 
6 Gift from Dr. Gabor Fodor, West Virginia University, Morgantown, W.Va. 
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Figure 1-Decomposition of methylglyoxal-ascorbic acid complex (III). 
Key: A, pH 3; B, 0.95% HCI; C, 1.6% HC1; D, 2.3% HC1; E, 6.9% HCl; 
and F, 11.5% HCI. 


was complete a t  -175 hr. Sampies of the clarified fluid were monitored 
a t  270 nm. 


For release of I1,l g of paste was used. The receiving solution was 500 
ml of water adjusted to pH 3 with hydrochloric acid. The wavelength for 
analysis was 280 nm. 


For III,6 g of paste was stirred into 500 ml of 4.6% HC1; the release was 
monitored a t  240 nm. 


The 4.6% HCI was used for I because high acidity is required to inhibit 
the rapid polymerization that occurs otherwise7. The decomposition 
observed with I11 (Fig. l), which is also attenuated by concentrated hy- 
drochloric acid, is perhaps related mechanistically to the decomposition 
of I. Concentrated hydrochloric acid was unnecessary to stabilize 11, in 
which both carbonyl groups are derivatized. 


No control experiments on the relative rate of solution of I or I1 in the 
absence of microcapsules are reported; I and I1 are highly soluble in the 
receiving solution, !and they dissolve momentarily. Compound I11 is 
more slowly soluble; its rate of solution is approximately twice as great 
as its rate of release. 


RESULTS AND DISCUSSION 


The decomposition of I11 is shown in Fig. 1. The high acidities required 
to stabilize 111 suggest the need for extensive study of its physical prop- 
erties should this compound prove to have pharmacological activity. 


Figure 2 shows microcapsules of I and indicates that they are typical 


P. Gascoyne, Marine Biological Laboratory, Woods Hole, Mass., personal 
communication. 
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Figure 5-Release of methylglyoxal-ascorbic acid condensation 
product (III). 


considerable aqueous solubility. There are several possible explanations 
for the capture of these compounds. 


One inferred influence is gross physical entrapment of the type com- 
mon to all microencapsulation. However, this entrapment is insufficient 
to delay release of many water-soluble compounds. 


The encapsulated material may be caught within the meshwork re- 
sulting from the interdigitation of branched macromolecules, such as with 
amylopectin (9). Such a structure also was proposed for collagen (lo), 
from which is obtained gelatin, which is often used in microcapsules. 


Another explanation depends on a loose kind of bond that could be 
anticipated from the interaction of a dicarbonyl compound with special 
groups in the gelatin. Since I1 and 111 do not have free carbonyl groups, 
the meshwork explanation is more general and is in accord with the 
similar release curves observed for 1-111. Moreover, the leaching of solid 
from a network structure is easily visualized. The probable mechanism 
thus includes physical entrapment by walls of microcapsules and en- 
trapment within the lacunae provided by a meshwork of branched 
macromolecules. 
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Figure 3-Release of methylglyoxal (I).  
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Figure 4-Release of methylglyoxal bis(guany1hydrazone) (XI). 


microcapsules. The microcapsules of I1 and 111 are visibly indistin- 
guishable from those of I. 


The release curve for I is shown in Fig. 3. The release curves for I1 and 
I11 are given in Figs. 4 and 5, respectively. 
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Abstract Single administrations of cortisone or phenytoin to pregnant 
mice on Days 11-14 of gestation caused similar skeletal and dissimilar 
soft tissue fetal anomalies. Cortisone reduced both maternal and fetal 
weight, whereas phenytoin only reduced fetal weight without adversely 
affecting maternal weight. A correlation between fetal weight reduction 
and cleft palate incidence was evident for each drug. Because probit 
analysis of dose-response regression lines did not deviate from parallelism 
after drug challenge, it was concluded that cortisone and phenytoin may 
produce palatal anomalies in the mouse fetus by a similar mechanism. 


Keyphrases Teratogenicity-effects of cortisone and phenytoin on 
mice Cortisone-teratogenic effects on mice Phenytoin-teratogenic 
effects on mice Antiepileptics-teratogenic effects of phenytoin on 
mice 


The experimental use of various agents to elicit and in- 
hibit cleft palate has been pursued vigorously in recent 
years to determine its cause and to prevent its occurrence 
in human newborns. Although cortisone is the prototypal 
agent employed for the induction of this anomaly in lower 
species (I), phenytoin is of particular interest because of 
the purported link between its use as an antiepileptic drug 
during pregnancy and the appearance of cleft palate in 
offspring (2 ,3) .  


The purpose of this investigation was to compare the 
teratogenic effects of phenytoin with those of cortisone by 
means of dose-response relationships in mice and to as- 
certain whether the mechanism involved in cleft palate 
inception by cortisone and phenytoin is similar. 


EXPERIMENTAL 


Animals-CF-1 albino mice’ (25-35 g) were used. Females were 
confined in groups of 10 to aggregate cages for at  least 2 weeks prior to 
mating. Males were placed individually in metal cages (12.5 X 15 X 10 
cm) with a wire mesh front and floor2. Adult mice were maintained on 
a commercial diet3 and tap water ad libitum. The breeding room was 
equipped with an electrical system4, which provided 12 hr of light (7:OO 
am-7:00 pm) and 12 hr of darkness. Room temperature was maintained 
between 22 and 26’. 


Preparation of Solutions-Saline and cortisone acetate solutions 
were prepared ~ommercially~.~. Fresh aliquots (10 ml) of phenytoin so- 
lution were prepared as needed on the day of injection by dissolving the 
drug7 in a stock solution of 70% propylene glycols (in saline). Phenytoin 
solutions were prepared containing 10,14,16, or 18 mg of phenytoin/ml 
of vehicle in injection volumes of 0.1-0.3 ml. All injections were made with 
a glass syringe9. The bone-staining solution was prepared by dissolving 
18 mg of alizarin red-S in each liter of 1% KOH in distilled water. A 5050 
mixture of 70% ethyl alcohol and 100% glycerin was used to fix and clear 
the specimens. Fetuses chosen for soft tissue analysis were fixed in 
Bouin’s solution. 


Breeding Procedure and Treatment Regimen-The breeding 
procedure was previously described (4). Gravid females were randomly 


1 Charles River Breeding Laboratories, Wilmington, Mass. 
2 RD-T unit, Norwich Wire Works, Norwich, N.Y. 
3 Rodent Laboratory Chow 5001, Ralston-Purina Co., St. Louis, Mo. 


Astronomic dial time switch with “skipper,” model V-45073, International 


%Sodium chloride injection USP (0.9%), lot B7D091A, McGraw Laboratories, 


6 Cortone, lot 0613.4, Merck Sharp and Dohme, West Point, Pa. 
7 Dilantin Sodium, lot PE338, Parke-Davis Co., Detroit, Mich. 
8 Lot P-810, Amend Drug and Chemical Co., Irvington, N.J. 
9 B-D 1-ml tuberculin syringe with 1.27-cm, 26-gauge needle. 


Re ister Co., Spring Grove, Ill. 


Division of American Hospital Supply Corp., Irvine, Calif. 
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Table I-Treatment Regimen of Experimental  Drugs 


Groupa 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 


Treatmentb on Days 11-14 
(mg/kg) and Route 


Untreated controls 
Saline, intramuscular 
Propylene glycol, subcutaneous 
I (25), intramuscular 
I (50), intramuscular 
I (75), intramuscular 
I (loo), intramuscular 
I (125), intramuscular 
I1 (50), subcutaneous 
I1 (70), subcutaneous 
I1 (80), subcutaneous 
I1 (go), subcutaneous 


Eight mice per group. I is cortisone acetate; I1 is phenytoin. 


assigned to one of three control groups or one of two treatment sections: 
I, cortisone; and 11, phenytoin, the latter being divided into five groups 
each (Table I). Each control group and each treatment group consisted 
of eight females. Of the three control groups, one received no further 
treatment while the other two served as vehicle controls. One group re- 
ceived saline solution in a fixed volume of 0.3 ml, which was administered 
in a manner identical t o  that of cortisone; the remaining control group 
received 0.3 ml of 70% propylene glycol solution in a manner identical 
to that of phenytoin. 


The treatment groups received cortisone or phenytoin on Days 11-14 
of gestation. The steroid was injected intramuscularly into the thigh 
muscles of the hindlegs, alternating between the right and left legs on 
successive days, in 25-, 50-, 75-, loo-, and 125-mg/kg doses per group. 
Phenytoin was administered subcutaneously into the ventroposterior 
or dorsoanterior quadrant close to the axilla, in'alternate quadrants on 
successive days, in lo-, 30-, 50-, 70-, and 90-mgkg doses per group. It soon 
became apparent that a threshold dose for phenytoin teratogenicity (cleft 
palate production) would be >50 mg/kg. Therefore, the two lower dosage 
schedules were deleted, and a group of eight mice receiving 80 mg of 
phenytoidkg was substituted. 


Examination of Fetuses-On Day 18, l  day before term, the terminal 
weight was recorded for each mouselo, which then was sacrificed by cer- 
vical dislocation. The number and position of fetuses and resorption sites 
(metrial glands) were ascertained and recorded. The fetuses were re- 
moved, tested for viability with a blunt probe, blotted dry, and weighed 
to the nearest hundredth of a gram'O. They then were examined for gross 
external defects and sexed. 


The specimens were prepared for macroscopic examination as follows. 
For skeletal examination, every second fetus was prepared according to 
the method of Staples and Schnell(5); the remaining fetuses were fixed 
and decalcified in Bouin's solution in preparation for freehand razor blade 
sectioning (6). The palatal shelves were observed prior to sectioning, and 
the urogenital organs were left intact. All specimens were examined for 
bone and soft tissue anomalies with a binocular dissecting micro- 
scope". 


Statistical Methods and  Analysis-The degree of significance of 
observed variations among the experimental groups was determined by 
the Student t test (7). All t values were calculated on a computer'*. The 
dose-response relationships for cortisone- and phenytoin-induced cleft 
palate were compared by probit analysis (8). 


RESULTS AND DISCUSSION 


Maternal Effects of Drugs-The female mice were unresponsive to 
intramuscular injections of saline or to initial cortisone challenges, but 
second and third administrations of the hormone caused lethargy that 
persisted for over 24 hr a t  the higher dosage levels. Mice injected sub- 
cutaneously with either 7070 propylene glycol or phenytoin experienced 
excitement and discomfort. As the number of injections and dosages of 
the antiepileptic agent was increased, Straub tail reactions, excitement 
(cage circling), ataxia, and depression occurred. Ataxia and depression 
were most pronounced in the group receiving 90 mg of phenytoinkg. At 
laparotomy, most mice that had received solutions containing the pro- 
pylene glycol vehicle had inflamed injection sites, particularly in the 


lo Torbal torsion balance model PL-800. 
l1 Bausch & Lomb model ASZ30L2. 
'2 Wang 2200. 
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Figure  1-Probit regression of the percent of cleft palate per litter on 
log-dose. 


scapular region. No deaths in gravid animals resulted from drug treat- 
ment. 


Table I1 presents the mean values of maternal and fetal deviations of 
the test groups in relation to their respective saline or propylene glycol 
controls. Each group contained eight litters and -100 fetuses. 


Maternal  Weight-The weight gain reflects the difference in ma- 
ternal weight on Days 0 and 18 of gestation. The  mean maternal weight 
gains among the cortisone-treated groups decreased as the dosage of the 
hormone was increased. Significantly lower weight gains, when compared 
with those in the saline group, occurred in all cortisone groups, except 
in the one receiving the 25-mg/kg dose. No significant differences were 
found when the mean maternal weight gains within the phenytoin-treated 
groups were compared with those of the group receiving the propylene 
glycol vehicle. 


Fetal Resorption-Percent resorption is defined as the ratio of the 
number of resorption sites to the sum of the resorption sites and viable 
fetuses times 100. No significant differences were found among the 
control or cortisone-treated groups with respect to percent resorption. 
Within the phenytoin-treated groups, only mice that received 70- and 
80-mg/kg doses had a significantly higher percent resorption (p < 0.05) 
than occurred in the group that received a dose of 50 mg/kg13. 


Fetal and Sex Ratios-No significant variations in the mean number 
of fetuses in either the right or left uterine horn were noted among the 
control or treated groups. There were no differences in the sex ratios of 
the phenytoin-treated and propylene glycol control groups. However, 
the group that received cortisone (75 mg/kg) had a significantly lower 
mean percentage of males when compared with the saline control. 


Mean Fetal Weight-There were no significant differences in the 
mean fetal weight among the control groups. Within the cortisone-treated 
groups, an apparent dose-dependent reduction of this parameter oc- 
curred, with significant differences being evident with cortisone at  50, 
100, and 125 mg/kg when compared with the saline control. In the 
phenytoin-treated group, a significant reduction in mean fetal weight 
was noted between the antiepileptic agent (90 mg/kg) and its propylene 
glycol control. 


Production of Soft  Tissue and Skeletal Anomalies-The occur- 
rence and nature of the various soft tissue and skeletal defects repre- 
senting significant deviations of the cortisone- and phenytoin-treated 


l R  This intragroup comparison is not shown in Table I1 
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Table 11-Mean Values of Test GrouDs 


Maternal Fetal x Soft Percent Percent 
Treatment Weight, Percent Ratio, Percent Fetal Tissue Skeletal Soft Tissue Skeletal 


Groupa startlgain, g Resorption rightneft Malememale Weight, g Defects* Defects* DefectsC Defectsc 


1 30.5126.2 3.7 615 48.4151.6 1.17 0.8 1.3 14.5 19.2 


6 29.5/18.7d 13.1 415 35.2164Sd 1.06 4.0d 9.5d 68.3d 87.0d 
7 29.4/17.5d 16.3 415 56.0144.0 0.88d 4.0d 8.8d 77.5d 95.9d 
8 29.1/16.4d 21.8 514 53.5146.5 0.87d 4.5d 8.7d 85.8d 100.0d 
9 29.3122.2 2.8 614 50.8149.2 1.18 1.2 1.7 26.3 22.4 


10 31.7122.7 12.1 52.1147.9 1.01 1.7 3.5 24.9 53.7e 
11 33.7122.8 14.5 516 514 60.0/40.0 1.04 1.7 6.2 26.7 57.2e 
12 30.3120.7 7.9 615 44.6155.4 0.89e 6.2' 10.1e 60.0e 75 .P  


Eight mice per group. Mean number of defects per litter. Mean percent of fetuses displaying at least one defect per litter. Significance ( p  < 0.05) when compared 
to the saline group. e Significance ( p  < 0.05) when compared to the propylene glycol group. 


groups from their saline and propylene glycol controls are presented in 
Tables 111 and IV, respectively. 


With the exception of cleft palate, which appeared in the fetuses of both 
treatment groups, most soft tissue anomalies caused by single intra- 
muscular injections of cortisone on Days 11-14 of gestation were unlike 
those observed after single subcutaneous administrations of phenytoin 
on the same days of gestation. 


An inverse relationship between fetal weight and cleft palate incidence 
has been well documented for cortisone teratogenicity (9,lO). A similar 
association between reduced fetal weight and phenytoin-induced cleft 
palate also was reported (11). However, these are dose-dependent re- 
sponses, as shown in the present study and others (11-141, which probably 
explain why fetal weight loss was not reported when low doses of phen- 
ytoin were used (15, 16). 


An inverse relationship appeared to exist between the occurrence of 
a small protuberance on the forepaw and cortisone dosage, whereas a 
direct relationship was evident between the dosage level of the steroid 
and the emergence of other soft tissue anomalies, i .e.,  cleft palate. The 
former situation demonstrates that the presence of one defect may be 
dependent on the presence or absence of another. This type of variable 
dependency may account for the nonlinear response observed for ster- 
nebral defects in the cortisone-treated group. The frequently appearing 
anomaly, crankshaft sternebrae, could positively influence the occurrence 
of fused sternebrae because sternebral ossification sites would be posi- 
tioned closer to each other. Therefore, anomaly frequency in response 
to a given dose should be considered individually before conclusions 
concerning the teratogenic potential of a suspected agent are made. 


Cryptorchidism seemed to be directly dependent on phenytoin dosage 
but was not related to cortisone dosage. Ovarian displacement after 
phenytoin treatment also appeared to be dose related. The reason why 
ectopic ovarian development occurred only on the left side of the fetus 
remains enigmatic. 


In addition to the soft tissue defects listed in Table 111, other soft tissue 
anomalies observed in the phenytoin-treated groups were curled tail, 
connective tissue infiltration of the cerebral hemispheres, cerebral 
hemorrhage, fused digit, ectrodactyly, malformed hindpaw, malformed 


kidney, and cleft lip. These soft tissue defects and those observed in the 
cortisone-treated groups, i .e.,  curled tail, exencephaly, and fused digit, 
were not statistically significant when compared with the respective 
treatment or control groups. 


Cortisone and phenytoin treatment produced fetuses with similar 
skeletal malformations that primarily involved the sternebral and cranial 
(supraoccipital) bones; this finding is in agreement with previous results 
(15). The following skeletal defects were observed at  insignificant 
frequencies in their respective groups: missing sternebrae, malformed 
and split xiphoid processes (cortisone and phenytoin), ectopic sternebrae 
(cortisone, phenytoin, and untreated), and displaced sternebrae, i.e., due 
to rotation of the sternebral ossification sites 30a off center (corti- 
sone). 


Phenytoin also interfered specifically with skeletal digit development. 
Delayed ossification of the digits was dose dependent (Table IV). Mal- 
formed and hypoplastic digits have been reported in human infants whose 
epileptic mothers were maintained on phenytoin therapy during preg- 
nancy (17,18). 


Rugh (19) accumulated data that related organogenesis to gestational 
age in the mouse. Thus, from the results obtained in this and other studies 
that employed similar dosage schedules (12, 13, 15) of cortisone and 
phenytoin, it is evident that the majority of the skeletal abnormalities 
induced by these agents occur a t  sites where chondrification centers 
develop on Days 15-16 (supraoccipital bone, sternum, and distal pha- 
langes). These findings indicate that the critical time for phenytoin- and 
cortisone-induced skeletal anomalies is several days prior to genesis of 
the affected tissue. 


The critical periods reported for phenytoin- and cortisone-induced 
cleft palate are remarkably similar to those required for the production 
of sternebral, supraoccipital, and digital malformations. Single injections 
of cortisone (20) and phenytoin (12,21) were most effective in producing 
cleft palate when given to mice on Day 12 of gestation, although maxi- 
mum responses were obtained from multiple injections over Days 12-14. 
It has been determined (22) that murine palatogenesis begins on Day 14 


Table IV-Significant Occurrence a and Nature of Skeletal 
Defects 


Table 111-Significant Occurrence and Nature of Soft Tissue 
Anomalies 


Cleft Fifth-Digit Crypt- Ectopic 
Group* Palate Protuberance orchidism Ovary 


1 - 14.5 - - 
2 - 14.1 - - 
3 - 10.1 - - 
4 8.8 2.1c 4.1 - 
5 6 2 . 1 ' ~ ~  12.7 7.7 - 
6 64.2C*e 0.OC.f  2.1 - 
7 77.5c.e 0.OC.f 2.1 - 
8 83.gCge 2 .1c  1 0 . 8 C  - 
9 6.3 7.1 2.1 3.1 


10 15.5 c.0 4.9 0.0 
11 21.ld 0.0 4.3 0.0 
12 49.5Qrh 0.0 11.3dg 12.8d.h,i 


Mean percent of defects per litter. * Eight mice per group. Significance ( p  < 
0.05) is indicated by superscripts as compared with saline and propylene glycol 
controls and treated groups: cortisone, e 25 and f 50 mgkg, and phenytoin, 8 50, 


70, and ' 80 mg/kg. 


Split Stern Crank. Split Fused 
Groupb D.O.P. Supraocc. Dft. St. St. St. 


1 2.1 
2 10.0 
3 9.2 
4 7.1 
5 1.8 
6 2.5 
I 0.0 _._ 
8 16.7 
9 2.5 


10 21.2 
11 43.7e.h 
12 54.0esh 


- 17.1 8.8 4.2 
- 21.6 21.6c 0.0 
- 16.8 16.8 1.8 


27.5d 21.6 16.0 0.0 
58.3d*f 41.4 22.8 6.4df 
72.7df 71.5d,f 31.3 9.6 
93.8d*f9 56.0df 15.8 17.gd,f 
95.8d*fa 51.7df 20.4 19.2df 
0.0 20.0 10.7 1.8 
0.0 39.2e 8.5 30.3"*h 


41.1 30.1 2 4 . 3 " ~ ~  6.0 
20.0e 60.ge.h.i 36.4e.h.i 13.8e.h.i 


2.1 
5.0 
1.8 


10.0 
24.2df 
54.8d.f 
31.gdf 
25.8df 
10.0 
0.0 
8.5 
8.7 


a Mean percent of defects per litter. b Eight mice per group. Significance ( p  < 
0.05) is indicated by superscripts as compared with controls: untreated, d saline, 
and propylene glycol, and with treated groups: cortisone, f 25 and 8 50 mgkg, 
and phenytoin, 50 and ' 70 mgkg. D.O.P. = delayed ossification of the paws; Split 
Supraocc. = split supraoccipital bone, Stern. Dft. = occurrence of at least one 
sternebral defect, Crank St. = crankshaft sternehrae, Split St. = split sternebrae, 
and Fused St. = fused aternebrae. 
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and terminates on Day 15. 
Several studies linked the alteration of events common to palatogenesis 


and bone formation, including glycosaminoglycan (23) and collagen 
formation (24,25), and the activities of enzymes (alkaline phosphatase, 
acid phosphatase, and P-glucuronidase) (26) and hormones (parathyroid 
hormone and calcitonin) (27) to the production of cortisone-induced cleft 
palate. Because of these relationships and the similarities that exist be- 
tween cortisone- and phenytoin-induced skeletal malformations, it can 
be concluded that, qualitatively, the teratogenic mechanism of action 
of these agents in the formation of skeletal anomalies is similar. 


A graphical approximation of the regression lines of the mean percent 
of cleft palate per litter on log-dose for cortisone- and phenytoin-treated 
groups appears in Fig. 1. These lines are the result of the second iteration 
of the method of probit analysis described by Finney (8). The original 
iteration was performed on lines fitted independently from the results 
obtained from the test groups without constraint of parallelism. The 
results from the second stage were employed to calculate the common 
slope, which was used to construct the curves in Fig. 1. Heterogenicity 
and parallelism were both examined by x2 tests. Because the dose-re- 
sponse regression lines for cortisone- and phenytoin-induced cleft palate 
did not deviate from parallelism, the teratogenic mechanism of action 
of these agents in causing this anomaly may be similar. The relative po- 
tency of phenytoin as a cleft palate-inducing teratogen was calculated, 
according to the method of Finney (8), to be from 14.54 to 69.18% that 
of cortisone. 
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Abstract The degradation of 6-selenoguanosine (NSC 137679)(1) in 
water and in various buffer systems was investigated. Drug degradation 
in aqueous media was monitored by high-pressure liquid chromatogra- 
phy. Some kinetic aspects of the degradation of I in various buffer systems 
at  25’ also were studied spectrophotometrically. The degradation, which 
requires oxygen, involves autoxidation of I to the corresponding disele- 
nide, which produces a selenide and metallic selenium in the presence 
of oxygen. This degradation pathway differs from that reported for the 


oxidation of related thio compounds. 


Keyphrases 0 6-Selenoguanosine-oxidative degradation in aqueous 
solutions, kinetics 0 Autoxidation, aqueous-6-selenoguanosine, sele- 
nium compounds, pharmacokinetics 0 Kinetics-6-selenoguanosine, 
oxidative degradation in aqueous solutions, selenium compounds 
Antineoplastics-6-selenoguanosine, selenium compounds, oxidative 
degradation in aqueous solutions, kinetics 


During a study of selenium analogs of physiologically 
active sulfur compounds, numerous selenium analogs were 
synthesized for biochemical investigation. 6-Selenopurine 
was synthesized (1) and found to be active as an antileu- 
kemic agent (2), but it was unstable and toxic to the host 
(3). Subsequently, 6-selenopurine-9-~-~-ribonucleoside 
was prepared, but it was even less stable than 6-seleno- 
purine under the same conditions (3). 


In a search for a more stable analog, 6-selenoguanosine 


(NSC 137679) (I) was synthesized (4); it  was found to be 
an active inhibitor of several experimental tumors in uitro 
(5,6) and in uiuo (7,8). Although I was reported to be more 
stable than preceding analogs (4, 9), it  still undergoes 
sufficiently rapid degradation in aqueous solutions such 
that its formulation in a dosage form suitable for evalua- 
tion of anticancer activity presented serious problems 
(10). 


While considerable information has been published 
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Abstract Protein A, a protein derived from Staphylococcus aureus, 
was incorporated into the matrix of magnetic albumin microspheres. 
Because staphylococcal protein A binds most subclasses of immuno- 
globulin G through their Fc portions, immunoglobulin may be rapidly 
bound to microspheres without chemical coupling agents or a diamino- 
heptane spacer group. Microspheres so prepared bind specifically to a 
given cell type when incubated in uitro with a heterogeneous cell popu- 
lation. The use of these microspheres as a drug carrier capable of cellular 
specificity as well as their ability to isolate homogeneous cell populations 
rapidly is discussed. 


Keyphrases Carriers, drug-magnetic microspheres synthesized with 
immunological specificity, incorporation of staphylococcal protein A into 
microsphere matrix, cell binding studies in uitro Staphylococcal pro- 
tein A-incorporation into microsphere matrix, immunological specificity 
0 Microencapsulation-symposium, magnetic microspheres synthesized 
with immunological specificity through incorporation of staphylococcal 
protein A, immunoglobulin G-blood cell binding studies 


The ability to impart in uiuo specificity to particulate 
drug carriers is desirable to restrict efficacious, yet toxic, 
chemotherapeutic agents to desired tissues. Specificity has 
been achieved either by magnetic restriction of a particu- 
late drug carrier at  an in uiuo target site (1) or by immu- 
nological methods (2). Magnetic localization results in 
specific regional restriction of the carrier, with the subse- 
quent release of entrapped drug into surrounding tissue; 
immunological methods of targeting drug carriers are ca- 
pable of theoretically selecting the desired cell type with- 
out necessarily being restricted to a specific body area. 
Combining these two modalities may prove beneficial in 
the treatment of metastatic and unresectable malignan- 
cies. 


Conventional means of coupling immunoglobulin to 
solid carriers involve chemical coupling agents (3-5) and 
require considerable time for chemical reaction and puri- 
fication of products. In most cases, it also is necessary to 
have a diaminoheptane spacer group chemically coupled 
to the carrier prior to the antibody linkage procedure (3, 
4). Subsequent orientation of the covalently bound im- 
munoglobulin is random, resulting in only a percentage of 
immunoglobulin capable of interacting with the desired 
antigen. 


Staphylococcal protein A was incorporated into the 
matrix of magnetically responsive albumin microspheres 
in these laboratories. Because staphylococcal protein A can 
bind the Fc portion of most subclasses of immunoglobulin 
G (IgG) (6), specific immunoglobulin directed against a 
desired cell surface antigen can be coupled to the micro- 
spheres by a simple nonchemical incubation. This proce- 
dure results in the proper molecular orientation of the IgG 
molecule so that the bound antibody is capable of antigen 
interaction. 


This paper describes the in uitro immunological speci- 


ficity of these microspheres in the separation of chicken 
red blood cells from a mixture of chicken and sheep red 
blood cells and, in a different system, the immunoglobu- 
lin-bearing lymphocytes from a spleen cell suspension. 


EXPERIMENTAL 


Preparation of Microspheres-Microspheres were prepared by a 
modification of methods described previously (7). Essentially, a phase- 
separation emulsion-polymerization method was employed. A 0.5-ml 
aqueous suspension containing 190 mg of dry material was made con- 
sisting of 66% human serum albumin1, 19% ferrosoferric oxide2, and 15% 
staphylococcal protein A3. Cottonseed oil4 (60 ml) was added to this 
suspension, and the emulsion was homogenized by sonication5 for 1 min 
a t  60 w. The homogenate then was added to 200 ml of constantly stirred 
cottonseed oil a t  120-125' for 10 min. Resultant microspheres were 
washed free of oil by adding excess anhydrous ether6 and centrifuging7 
for 15 rnin a t  2000Xg. After the fourth wash, the microspheres were al- 
lowed to air dry and were stored at  4O until they were used. 


Coupling of Immunoglobulin to Microspheres-Microspheres (0.5 
mg) were suspended in 0.2 ml of 0.154 N NaCl with 0.1% polysorbate 808 
(I). To this suspension was added 0.5 mg of normal rabbit IgG, rabbit 
anti-chicken red blood cellsg, fluorescein isothiocyanate-conjugated 
rabbit anti-rat immunoglobulin10, or rabbit anti-rat immunoglobulinlo, 
and the mixture was incubated at  37O for 40 min. Excess immunoglobulin 
was removed by centrifugation with excess I at  10,OOOXg for 5 min. 


Labeling of Chicken and Sheep Red Blood Cells-Aliquots of 
chicken or sheep red blood cells were labeled with chromium 51 to assess 
the extent of the microsphere immunological specificity as well as cell 
integrity. Labeling was performed by incubating 1 X los chicken red 
blood cells suspended in 0.2 ml of Hanks balanced salt solution containing 
2.5% heat-inactivated fetal calf serum with 100 KCi of sodium [51Cr]- 
chromate" for 90 min at  37'. Sheep red blood cells were treated similarly 
except that they were incubated overnight a t  37". 


Separation of Cells-Microspheres bearing immunoglobulin directed 
against specific cellular antigens were used to isolate cells exhibiting these 
antigens from heterogeneous cell populations utilizing the magnetic 
property of the microspheres (8). 


Red Cell Separation-Microspheres (0.5 mg) bearing either rabbit 
anti-chicken red blood cells or normal rabbit IgG were suspended in 0.2 
ml of I. To this suspension was added a mixture of 1 X lo6 chicken red 
blood cells and 1 X lo6 sheep red blood cells in 0.2 ml of Hanks balanced 
salt solution. Depending on the experimental group, either the chicken 
or sheep red blood cells were labeled with chromium 51. After incubation 
with the microspheres for 30 min at  37O, the cells were exposed to a 
4000-gauss (gradient = 1500 gausdcm) magnetic field applied to the side 
of the reaction vessel. Both the supernatant and pellet fractions were 
counted for chromium 51 y-emission12. Control labeled cells incubated 
in I were counted for chromium 51 to assess spontaneous release. 


Lymphocyte Separation-A suspension of spleen cells was obtained 


Sigma Chemical Co. 
2 Magnetite (Fes04) in aqueous suspension, Ferrofluidics Corp. 
3 Sigma Chemical Co. 


Sargent-Welch. 
5 Branson sonifier model 185. 
6 Mallinckrodt Chemicals. 


Sorvall model RC-5. 
Tween 80, Sigma Chemical Co. 


9 Cappel Laboratories. 
lo The IgC fraction was predominantly anti-IgC as determined by immuno- 


electrophoresis, Miles Laboratories. 
Na2Wr04 , l  mCi/ml, Amersham. 
Beckman model 8000 y-counter. 
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Table I-Separation of Chicken Red Blood Cells (CRBC) and Sheep Red Blood Cells (SRBC) Using Rabbit Anti-Chicken Red Blood 
Cells Coupled to Staphylococcal Protein A Magnetic Microspheres 


Percent of %b-Labeled 
Antibody Coupled Type of Cell Red Blood Cells Percent of CRBC in 
to Microspheres Suspension Bound to Microsphere Supernate 


Rabbit anti-CRBC 
(I G fraction) 


RabfJit anti-CRBC 
(IgG fraction) 


Normal rabbit IgG 


51Cr-labeled CRBC (1 X lo6) and 


51Cr-labeled SRBC (1 X lo6) and 


51Cr-labeled CRBC (3 X 10'9 and 


SRBC (1 X 109 


CRBC (1 X lo6) 
SRBC (1 X lo6) 


97.8 


9.5 


10.0 


0.26 


0.33 


90 


by teasing rat spleen (Lewis rats) in Hanks balanced salt solution with 
10% heat-inactivated fetal calf serum. After washing three times with 
Hanks balanced salt solution, the cells were overlaid on Ficoll-Hypaque 
(specific gravity of 1.072) and centrifuged at 1200Xg for 25 niin at 25' 
to eliminate the red blood cells and nonviable monocytes. The resultant 
interface band was removed and assessed for viability by trypan blue dye 
exclusion. 


Rabbit anti-rat immunoglobulin, normal rabbit IgG, and rabbit anti- 
chicken red blood cells were coupled to 0.5 mg of staphylococcal protein 
A microspheres (0.5 mg of IgG/0.5 mg of microspheres) as described 
previously. Splenocytes (2 X lo6) suspended in Hanks balanced salt so- 
lution with 2.5% heat-inactivated fetal calf serum were added to the 
IgG-bearing microspheres. Mixtures were incubated for 2.5 hr at 4". Cells 
with adherent microspheres were separated magnetically, and resultant 
cells in the supernates were analyzed for viability. The number of residual 
immunoglobulin-bearing cells was determined by incubating cells in the 
supernate for 20 min at 37' with fluorescein isothiocyanate-conjugated 
rabbit anti-rat immunoglobulin. 


Immunological Sensitivity-The sensitivity of the microspheres for 
cellular interaction and subsequent magnetic removal from suspension 
was tested in two systems. Serial dilutions of microspheres bearing rabbit 
anti-chicken red blood cells were made, and 1 X 106 chicken red blood 
cells labeled with chromium 51 were added to each dilution. Incubation 
of the microspheres and cells was carried out for 30 min at 37". Cells with 
adherent microspheres were removed magnetically, and both pellet and 
supernatant fractions were assessed for chromium 51 activity. 


In addition, serial dilutions of the microspheres coupled with rabbit 
anti-human IgG13 were made, and 5 X lo6 human peripheral lymphocytes 
were added to each dilution14. The mixture was incubated for 1 hr at 4", 
after which cells with adherent microspheres were removed magnetically. 
Supernatant cells were assessed for the presence of surface immuno- 
globulin by incubation with fluorescein isothiocyanate-conjugated rabbit 
anti-human IgG13 for 20 min at 37" and analyzed by fluorescence mi- 
croscopy. 


RESULTS AND DISCUSSION 


A qualitative assessment of microsphere capacity for IgG binding was 
determined by incubating staphylococcal protein A microspheres with 
fluorescein isothiocyanate-conjugated rabbit and anti-rat immuno- 
globulin. The apparent diffuse surface fluorescence of the microspheres 
suggested that staphylococcal protein A was available on the microsphere 
surface for IgG binding. Moreover, despite the fact that staphylococcal 
protein A was an integral part of the microsphere matrix, it was oriented 
on the microsphere surface in such a manner as to retain its ability to bind 
IgG, as determined by the presence of fluorescence. 


Results of the red cell separation are shown in Table I. Using 51Cr- 
labeled chicken red blood cells, when a mixture of 1 X lo6 chicken red 
blood cells and 1 X lo6 sheep red blood cells was incubated with 0.5 mg 
of staphylococcal protein A microspheres bearing rabbit anti-chicken 
red blood cells, 97.8% of the chromium 51 label was associated with the 
cells removed magnetically from suspension. The percentage of residual 
chicken red blood cells remaining in the supernate after magnetic isola- 
tion of cells was 0.269, as judged by light microscopy. Nonspecific ad- 
herence of sheep red blood cells was determined by labeling them with 
chromium 51. Based on the chromium 51 counts, 9.5% of the label was 
associated with the microsphere fraction after magnetic separation of 
the mixture. 


In addition, when normal rabbit IgG was coupled to the microspheres, 


13 Antiheavy and light chains, Cappel Laboratories. 
I4 Lymphocytes were prepared similarly to the rat splenocytes; 15-30% of cir- 


culating peripheral lymphocytes are immunoglobulin bearing. 
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an immunoglobulin unrelated to either chicken or sheep red blood cells 
(again 10% nonspecific adherence) was present. This minimal nonspecific 
adherence may be due to bound cross-reactive rabbit IgG based on shared 
antigens between microbes and mammalian cells (9). Because of the se- 
lective interaction of the anti-chicken red blood cell-bearing microspheres 
for chicken red blood cells, a highly purified and enriched sheep red blood 
cell population was generated. 


Similar good specificity and separation were obtained when micro- 
spheres were used to separate immunoglobulin-bearing lymphocytes from 
a suspension of spleen cells. Between 43 and 51% of the starting spleno- 
cytes were immunoglobulin bearing, as determined by fluorescein iso- 
thiocyanate-conjugated anti-rat immunoglobulin binding to cells. When 
rabbit anti-rat immunoglobulin was coupled to staphylococcal protein 
A microspheres and subsequently incubated with 2 X lo6 splenocytes, 
only 0.5% of immunoglobulin-bearing splenocytes remained in the su- 
pernate after magnetic removal of cells with adherent microspheres (Fig. 
1). Moreover, when these microspheres were incubated with 2 X 106 
thymocytes (normally containing 4 4 %  immunoglobulin-bearing lym- 
phocytes), no immunoglobulin-bearing cells could be detected in the 
supernate representing 100% separation of immunoglobulin-bearing cells 
from nonimmunoglobulin-bearing cells. No loss of cellular viability was 
noted in any experimental group. To control for nonspecific adherence, 
normal rabbit IgG and rabbit anti-chicken red blood cells were coupled 
to the microspheres and incubated with the splenocytes. After magnetic 
separation of cells, 47 and 44% of the splenocytes in the supernate were 


- 


Val. 70. No. 4, April 1981 


Figure 1-Scanning electron micrograph of a rat lymphocyte with 
adherent microspheres ( I  pm) on its surface. The micrograph is rep- 
resentatiue of cells obtained after coincubation of staphylococcal protein 
A microspheres bearing rabbit anti-rat immunoglobulin and splenocytes 
and subsequent magnetic isolation of microsphere-cell complexes. 







immunoglobulin bearing, respectively. These figures correlate well with 
the known number of immunoglobulin-bearing splenocytes (4441%) and 
demonstrate minimal nonspecific adherence. 


To determine the immunological sensitivity of the microspheres, two 
different systems were tested. It was found that 100% of the chicken red 
blood cells was magnetically removed from suspension when 2104 pg of 
microspheres was incubated with 1 X lo6 chicken red blood cells. One 
milligram of staphylococcal protein A microspheres coupled with rabbit 
anti-human IgG effectively depleted all immunoglobulin-bearing human 
peripheral lymphocytes from a suspension containing 580 X lo6 cells. 
These values demonstrate the capacity of staphylococcal protein A mi- 
crospheres to separate a large number of cells rapidly and effectively uia 
immunological means. 


The ability of staphylococcal protein A microspheres to bind several 
different antiserums, which can confer a high degree of immunological 
specificity in uitro, was presented in this paper. Because magnetic mi- 
crospheres can be used as drug carriers (I), it is proposed that with the 
addition of staphylococcal protein A to the microsphere matrix, tumor- 
specific antibody could be bound rapidly, resulting in a carrier capable 
of area-specific drug delivery and tumor-cell specificity. Thus, drug action 
could be limited solely to the desired cell population. 


Because antibody coupling is rapid and easily performed, it is ideally 
suited for cell separation. No spacer group has to be coupled to the mi- 
crospheres prior to antibody coupling. Moreover, no chemical coupling 
agents are used, which allows the reutilization of valuable antiserums. 
Since most IgG subclasses can bind staphylococcal protein A micro- 
spheres, this system may be valuable in rapid protein and enzyme puri- 


fication. This system also may be useful as a mechanism for automated 
radioimmunoassays. 
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Abstract The in uiuo kinetics of low-dose doxorubicin (0.05 mg/kg), 
entrapped in a carrier and magnetically targeted, were characterized in 
a rat tail model. Tissue concentrations of doxorubicin at  a preselected 
target site and in various organs were followed over time. As late as 60 
min postinjection, 3.7 Fg/g of drug was found at  the target site with no 
detectable drug levels found in any organ. In comparison, a 100-fold 
higher dose (5.0 mg/kg iv) of free doxorubicin yielded drug concentrations 
of 1.8 pg/g at  the target site and 15.0 pg/kg in the pooled organs. There- 
fore, 1% of the free intravenous dose targeted magnetically yielded ap- 
proximately twice the Iocal doxorubicin concentration at  a preselected 
target site with no detectable systemic distribution. Magnetic targeting 


of particulate drug carriers to localized disease sites is suggested as an 
efficient method of obtaining high local drug concentrations and may 
reduce many unwanted side effects from unrestricted systemic circula- 
tion. 


Keyphrases Microspheres, magnetic-as drug carriers, doxorubicin, 
in uiuo 0 Carriers, drug-doxorubicin-bearing magnetic microspheres, 
in uiuo Doxorubicin-in uiuo fate of localized low dose, kinetics 
Delivery, drug-magnetic microspheres as drug carriers, doxorubicin, 
in uiuo Microencapsulation-symposium, doxorubicin-bearing mag- 
netic microspheres, in uiuo fate of localized low dose 


Current approaches to enhancing the tumoricidal ac- 
tivity of antineoplastic agents involve combining them with 
various carriers in the hope of favorably altering their 
systemic distribution. Early work by Chang (11, who en- 
capsulated proteins and enzymes to develop artificial or- 
gans, suggested that drugs also may be encapsulated in 
carriers. The current targeting of drug carriers such as li- 
posomes (2) or natural cells (3) depends on a moderate to 
marked enhancement of the endocytic activity (4) exhib- 
ited by some solid tumors. Other modalities for enhancing 
drug concentration at  known tumor sites include regional 
perfusion, hyperthermia, and local installation and im- 
plantation of drugs. However, most of these modalities 
have met with limited clinical success (5) .  


A biophysical approach to targeting chemotherapeutic 
agents to known tumor sites was described recently (6). 
The system utilizes magnetically responsive albumin mi- 
crospheres as the carrier for entrapped doxorubicin. The 
application of an extracorporeal magnetic field over a se- 
lected body area results in accumulation of the carrier 
containing the entrapped drug at  the target site. The 
synthesis (7), magnetic responsiveness (€9, and in uiuo 
distribution (6) of the carrier a t  one time period postin- 
jection were described previously. However, the correlation 
of carrier distribution with doxorubicin distribution over 
time was not examined. In this report, the levels of doxo- 
rubicin obtained at different time intervals at a preselected 
target site are characterized. In addition, a low dose (0.05 
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GLC Assay for Lidocaine in Human Plasma 
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Abstract A simple, rapid, and highly sensitive method for the GLC 
analysis of plasma lidocaine is described. Mepivacaine hydrochloride is 
added as the internal standard; the plasma is deproteinated and centri- 
fuged, and the supernate is alkalinized and extracted into a small volume 
of carbon disulfide. The column is connected to a flame-ionization de- 
tector, and the column oven temperature is programmed from 130 to 
260'. Plasma lidocaine concentrations between 0.04 and 8.0 pg/ml can 
be measured accurately, and there is no interference from the 
monoethylglycinexylidide or glycinexylidide metabolites of lidocaine or 
from many commonly used drugs and diagnostic agents. The sensitivity, 
simplicity, and speed of this assay are important in pharmacokinetic 
studies of lidocaine. 


Keyphrases Lidocaine-GLC assay in human plasma GLC- 
analysis, lidocaine in human plasma Anesthetics, local-lidocaine, GLC 
assay in human plasma 


Several methods for measuring plasma lidocaine have 
been described, but many have limited usefulness in 
pharmacokinetic studies. Some require lengthy extractions 
(1-5), which reduce the number of samples that can be 
analyzed in a day. Other methods lack the sensitivity 
needed for measuring low concentrations of lidocaine 
(64, and one method requires a benzene extraction step 
with the attendant hazards of benzene exposure (9). Kline 
and Martin (10) reported a GLC lidocaine assay that 
avoided complex extractions and provided reasonable 
sensitivity. However, the method had not been evaluated 
systematically for interference from other commonly used 
drugs, and the senlsitivity was not adequate for the present 
study. 


This paper reports efforts to improve the assay sensi- 
tivity of the Kline and Martin method aad to evaluate the 


method for interference from commonly used medica- 
tions. 


EXPERIMENTAL 


Reagents-Lidocaine hydrochloride monohydrate', mepivacaine 
hydrochloride2, analytical reagent grade trichloroacetic acid3, carbon 
disulfide3, and sodium hydroxide3 were used as provided. Lidocaine 
concentrations are expressed as the free base. 


Apparatus-A gas chromatograph4 equipped with oven temperature 
programming capability and a flame-ionization detector was fitted with 
a 1.8-m X 2-mm i.d. glass column, packed with 3% OV-17 on 100-120- 
mesh Gas Chrom Q. The operating temperatures were 200 and 280' for 
the injector and detector, respectively. The column oven temperature 
was programmed for an initial 1-min hold at  130°, and then the oven 
temperature was raised 24'/min to 260' and held for 4 min. The carrier 
gas (nitrogen) and hydrogen flow rates were 45 and 30 ml/min, respec- 
tively. A 2-mv recorder5 was used. 


Procedure-To a 12-ml glass centrifuge tube were added 1 ml of 
plasma, 2 ml of mepivacaine hydrochloride (1 pg/ml in water) as the in- 
ternal standard, and 1 ml of 1.8 N trichloroacetic acid; the solution then 
was mixed gently on a vortex mixer for 10 sec. After the tube was cen- 
trifuged at  2200 rpm for 10 min, the supernate was removed and centri- 
fuged for 10 min. 


The final supernate was transferred to a clear 13-ml glass-stoppered 
centrifuge tube, and 1 ml of 5 N NaOH and 100 p1 of carbon disulfide were 
added. After vigorous vortexing for 45 sec, the tube was centrifuged for 
10 min; then 4 pl of the carbon disulfide layer was injected onto the GLC 
column. 


Interference Study-To test for interference from lidocaine me- 
tabolites or commonly used drugs, plasma samples were spiked with one 
of the following: monoethylglycinexylidide' (1 or 5 pg/ml), glycinexyli- 
didel (1 or 5 pg/ml), acetaminophen (20 pg/ml), aminophylline (100 
pg/ml), aspirin (100 or 200 pg/ml), atropine (0.2 pg/ml), bretylium tos- 
ylate (70 pglml), chlordiazepoxide (3 pg/ml), cimetidine (5 pg/ml), di- 
azepam (2.5 pg/ml), diazoxide (60 pg/ml), digoxin (2 ng/ml), dobutamine 
(0.2 or 0.5 pg/ml), dopamine (0.7 pglml), ethacrynic acid (20 pg/ml), fu- 
rosemide (20 pg/ml), heparin (2 unitdml), hydralazine (1 pg/ml), hy- 
drocortisone (200 pg/ml), indocyanine green (10 or 20 pg/ml), isoprote- 
renol(10 ng/ml), meperidine (1 pg/ml), methadone (1 pg/ml), methyldopa 
(50 pg/ml), methylprednisolone (10 pg/ml), morphine (0.1 pg/ml), ni- 
troglycerin (0.1 pg/ml), nitroprusside (0.2 pg/ml), norepinephrine (10 
ng/ml), ouabain (1 ng/ml), pentazocine (0.2 pg/ml), pentobarbital (20 
pg/ml), phenytoin (20 pg/ml), physostigmine (0.4 pg/ml), procainamide 
(6 pg/ml), prochlorperazine (1 pg/ml), propranolol (0.2 or 1.0 pg/ml), 
quinidine (3.75 or 8.0 pg/ml), trimethaphan (1 pg/ml), or warfarin (10 
d m l ) .  


RESULTS AND DISCUSSION 


Comparison with Published Method-Kline and Martin (10) de- 
scribed a simple, rapid GLC assay for plasma lidocaine that was quite 
batisfactory for measuring usual therapeutic lidocaine levels. One prob- 
lem, however, is that the lidocaine peak comes off the column during the 
rapid decline phase of the solvent front (Fig. 1A). Sensitivity with the 
Kline-Martin technique is limited to -250 ng of lidocaine/ml of plasma. 
To improve sensitivity while retaining the simplicity of the extraction, 
oven temperature programming was employed. This modification clearly 
separates the lidocaine and internal standard peaks from the solvent front 
and improves peak resolution and peak height (Fig. 1). With the oven 


1 Gift from Astra Research Laboratory, Framingham, Mass. * Gift from Sterling-Winthrop Research Institute, Rensselaer, N.Y. 
3 Scientific Products, Rochester, N.Y. 
4 Model 900, Perkin-Elmer Corp., Norwalk, Conn. 
5 Speedomax X/L 680, Leeds & Northrup Co., North Wales, Pa. 
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Table I-Lidocaine GLC Assay Precision with Column Oven 
Temperature Programming 


Actual Plasma Lidocaine Measured Lidocaine 
Concentration, pg/ml Concentration. fig/ml 


4.00 ~ ~~ 


1.62 
0.16 
0.08 
0.04 


4.01 f 0.13 (21)= 
1.61 f 0.04 (15) 
0.17 f 0.01 (15) 
0.08 f 0.01 (18) 
0.04 f 0.002 (14) 


0 Mean f SE (n). 


temperature programming modification, plasma lidocaine concentrations 
as low as 30 ng/ml can be measured. The retention times for lidocaine and 
mepivacaine (internal standard) are 6.0 and 7.1 min, respectively. 


Calibration Curve-Calibration curves were constructed with the 
ratio of lidocaine-mepivacaine peak heights plotted along the ordinate 
and the lidocaine concentration plotted along the abscissa. Initially, 
curves were developed by spiking blank plasma with 0.03,0.08,0.16,0.40, 
0.80,1.60,4.0, and 8.0 pg of lidocaine/ml and analyzing the samples as 
described. Calibration data were fit to a single straight line using a 
least-squares regression6 with r = 0.994. Despite the apparent fit, the 
calculated regression line did not coincide adequately with the observed 
peak height ratios for low lidocaine concentrations. Instead, the cali- 
bration curves were described best by two straight lines: one for lidocaine 
concentrations above 0.8 pg/ml and another for concentrations below 0.8 
d m l .  


The calculated correlation coefficients and equations were r = 0.994, 
ratio = 2.121 [lidocaine concentration (pg/ml)] - 1.04 for the upper range, 
and r = 0.999, ratio = 1.149 [lidocaine concentration (pg/ml)] + 0.05 for 
the lower range. Curves prepared from aqueous standards (same proce- 
dure but without the first two centrifugations) were the same as those 
using plasma standards; therefore, aqueous standards were used for daily 
calibration. 


Precision-Assay precision was evaluated by analyzing multiple 
plasma samples spiked with 0.04, 0.08, 0.16, 1.62, or 4.00 pg of lido- 


6 TI Program ST 1-06, Texas Instruments Inc., Dallas, Tex. 


COMMUNICA TlONS 


caine/ml (Table I). Over this concentration range, assay precision was 
quite satisfactory. 


Interference-Neither the monoethylglycinexylidide or glycinexy- 
lidide lidocaine metabolites nor any of the tested drugs produced inter- 
fering peaks or alterations in the lidocaine-mepivacaine (internal stan- 
dard) peak height ratios with this method. Meperidine (1 pg/ml) gener- 
ated a sharp peak with a peak height almost 75% as large as the internal 
standard, but the meperidine peak (retention time of 5.1 min) eluted 
before the lidocaine and mepivacaine peaks and did not interfere with 
the lidocaine assay. 


Conclusions-The GLC lidocaine assay reported by Kline and Martin 
(10) is a simple and rapid method; however, the sensitivity is not adequate 
for many pharmacokinetic studies. Incorporating column oven temper- 
ature programming improved the assay sensitivity so that plasma lido- 
caine concentrations as low as 40 ng/ml could be measured readily. The 
modification retains the simplicity, speed, and sample capacity of the 
original method. 
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Specific Radioimmunoassay for Flunitrazepam 
~~~~~~ 


Keyphrases Flunitrazepam-quantitation by radioimmunoassay, 
compared with electron-capture GLC, human plasma 0 Radioimmu- 
noassay-quantitation of flunitrazepam, compared with electron-capture 
GLC, human plasma Hypnotic agents-flunitrazepam, quantitation 
by radioimmunoassay, human plasma 


To the Editor: 
Flunitrazepaml [5-( 2-fluorophenyl) - 1,3-dihydro- 1 - 


methyl-7-nitr0-2€€-1,4-benzodiazepin-2-one, I], a benzo- 
diazepine derivative, is clinically effective as a hypnotic 
when administered orally in the 0.5-2-mg dose range and 
may be administered parenterally, usually in combination 
with other drugs, for the induction of anesthesia (1, 2). 
Flunitrazepam has been marketed for several years in 


Europe and is presently under clinical evaluation in the 
United States. 


In humans, I is completely metabolized; apart from in- 
tact I, the major metabolites found in plasma are the N- 
desmethyl and 7-amino derivatives (3). However, intact 
I is primarily responsible for the hypnotic activity of the 
drug (3) and has a half-life of 20-36 hr on chronic admin- 
istration (4,5). 


Electron-capture GLC has been the method of choice 


l Rohypnol, Hoffmann-La Roche. I 
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Abstract The dissolution behavior of benzoic acid, 2-naphthoic acid, 
and indomethacin from rotating compressed disks into aqueous solutions 
of constant ionic strength ( p  = 0.5 with potassium chloride) at  25' was 
investigated. The pH of the bulk aqueous medium was maintained during 
dissolution by means of a pH-stat apparatus. A model for the initial 
steady-state dissolution rate of a monoprotic carboxylic acid was derived 
from Ficks second law of diffusion. This model assumed that diffu- 
sion-controlled mass transport and simple, instantaneously established 
reaction equilibria existed across a postulated diffusion layer. Using 
previously determined intrinsic solubilities, pKa values, and diffusion 
coefficients, the model was found to predict the dissolution rates of these 
acids accurately as a function of the bulk solution pH. Hydroxide ion and 
water were the only reactive base species present in the bulk solution. The 
concentration profiles of all of the species across the diffusion layer were 
generated for a given bulk pH. Furthermore, the model generated values 
for the pH profile within the microclimate of the diffusion layer and the 
pH at the solid-solution boundary. 


Keyphrases 0 Dissolution kinetics+arboxylic acids, effect of pH under 
unbuffered conditions 0 Carboxylic acids-dissolution kinetics, effect 
of pH under unbuffered conditions Kinetics-dissolution of carboxylic 
acids, effect of pH under unbuffered conditions 


The purpose of this study was to examine the effect of 
solubility and unbuffered bulk solution pH on the disso- 
lution kinetics of three carboxylic acids: benzoic acid (I), 
2-naphthoic acid (111, and indomethacin (111). The disso- 
lution of carboxylic acids into a basic medium represents 
dissolution with a simultaneous, instantaneous, reversible 
chemical reaction. Modeling of this system should allow 
determination of the solid-liquid interfacial pH and the 
composition of the diffusion layer (l), the unstirred liquid 
layer postulated to exist adjacent to the solid surface. 


The dissolution kinetics of acidic compounds into a basic 
medium were studied initially by Brunner (2) and later by 
other investigators (3-7). Factors that affect the dissolu- 
tion of benzoic acid, which undergoes a simultaneous 
chemical reaction with basic species from the bulk solution, 


I I1 


I11 


were studied and modeled in detail by Higuchi et al. (5). 
They used the film theory of Nernst (l),  which is based on 
Fick's laws of diffusion (8). 


To investigate the initial dissolution rates of 1-111 over 
a wide range of bulk pH values without using buffers, au- 
tomatic potentiometric monitoring employing a pH-stat 
system can be employed (9-13). This technique, combined 
with a rotating-disk apparatus similar to that described 
by Wood et al. (14), results in a constant dissolution sur- 
face area. The hydrodynamic theory of Levich (15) was 
applied to rotating disks (16, 17). From this theory, the 
thickness of the diffusion layer may be calculated and used 
in a modified Nernst (1) expression to predict initial dis- 
solution rates (16,17). 


A simplified equation was used to describe the dissolu- 
tion of acids in a basic medium (18, 19). However, this 
equation is derived by assuming that the bulk solution pH 
and the interfacial pH, pHo, are identical. However, the 
bulk hydrogen-ion concentration is not necessarily equal 
to that at the solid-liquid interface or elsewhere within the 
diffusion layer. The interfacial pH is affected by the degree 
of dissociation of the acid at  the interface, which is deter- 
mined by the concentration and pKa of the acid. Disso- 
ciation of the acid liberates hydrogen ions, thereby low- 
ering the pH of the diffusion layer relative to that of the 
bulk solution. 


THEORETICAL 


The starting point for a model of dissolution of an acid in a basic me- 
dium comes from the work of Higuchi et al. (5). Their model was for- 
mulated around that of Nernst (1) for a diffusion-controlled process in 
the solution phase and postulates the existence of a diffusion layer (a 
region of unstirred solvent) adhering to the dissolving surface. Within 
this layer, all concentration gradients of reactants and products are 
postulated to exist as a result of diffusion and the chemical reaction be- 
tween the dissolving solute and the incoming base from the bulk solution. 
The bulk solution is regarded as a homogeneous mixture with no con- 
centration gradients. 


Figure 1 is a pictorial representation of the model where a solid car- 
boxylic acid, HA, dissolves a t  the phase boundary. At the solid-liquid 
interface, the boundary condition is X = 0 and the concentration of HA 
is [HAIo, which is the saturated solubility of the unionized acid. The acid 
diffuses and simultaneously reacts with the incoming base (B-) or water 
to give the conjugate base (A-) and HB. The diffusion layer has a thick- 
ness h; the model specifies that, for the limit X = h, [HA] and [A-] are 
effectively zero under sink conditions. 


The model also specifies that, at  steady state, the acid-base reaction 
occurs anywhere within the diffusion layer and any equilibrium formed 
between the reacting species is regarded as being established instanta- 
neously, i.e., the diffusional processes are slow relative to the chemical 
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X'O - x- X - h  


Figure 1-Schematic diagram of the model of Higuchi et al. (5) for the 
dissolution of an acid, HA, into a reactive medium containing base, B- 
( A -  and HB are products of the reaction). 


processes (reaction). Individual diffusivities for all components must be 
accounted for in the model. 


The present model describes the dissolution of an acid in a system 
where the only reactive base species are hydroxide ion and water. The 
equilibria involved are given in Schemes I and 11. 


HzO + HA 5 H 3 0 +  + A- 
Scheme I 


H30+ + OH- + 2 H20 
Scheme I I  


For simplicity, H30+ may be regarded as hydrogen ion (H+). When the 
equilibria are combined, they produce the situation shown in Scheme 111, 
which also was used by Higuchi et al. (5). 


K :  
HA + O H - e H p O  + A -  


Scheme I I I  


In the model of Higuchi et al. (5), only Scheme 111 was considered for 
the chemical reaction of HA with hydroxide ion. By including the equi- 
libria of Schemes I and 11, the general applicability of this model is 
broadened. 


The equilibrium constants for Schemes 1-111 are given by: 


(Eq. 1) 


K, = [H+][OH-] (Eq. 2) 


"4-1 
K1 = [HA][OH-] (Eq. 3) 


where [HpO] is regarded as constant and is included in the relevant 
equilibrium constants and H30+ is equivalent to H+. 


Application of Fick's Laws of Diffusion to Dissolution with Si- 
multaneous Chemical Reaction-When a chemical reaction occurs 
between diffusing species, the mass balance of any species across the 
diffusion layer involves not only diffusion into and out of any element 
but also the chemical reaction, which simultaneously changes the effective 
concentrations of the species at any given point X. To account for the 
simultaneous chemical reaction, a reaction rate function, 4, is introduced 
into the steady-state equations for each species. A t  present, this function 
will remain undefined. A t  steady state and by utilizing Fick's laws of 
diffusion, the following equations can be written for all of the relevant 
species: 


- DHA @[HA] -- aX2 + 4 1 = 0  at  


where $14 are the reaction rate functions. Equations 4-7 are equal to zero 
under steady-state conditions. When a chemical reaction occurs in the 
diffusion layer between species, there is a finite rate of change of flux with 


X. Alternatively, the concentration profile of a species across the diffusion 
layer is not represented by a simple linear relationship, as in the 
Noyes-Whitney model, but instead by a curve whose rate of change of 
the slope at any point is dependent on the reaction of that species a t  that 
point. 


Independently of Eqs. 4-7, relationships between rates of change of 
flux for the various species can be described by mass balance equations 
across the diffusion layer. Therefore, by mass balance: 


d2[HA1 - d2[A-] 
DHA - dX2 - -DA 7 dX (Eq. 8) 


and: 


Equation 8 shows that any change in the HA flux due to a chemical 
reaction must mean that the flux of A- changes in the opposite direction. 
Equation 9 states that OH-, while diffusing in, will react with both HA 
and H+ simultaneously as defined by the equilibrium constants in 
Schemes I and 11. Hence, any change in the flux of OH- must be reflected 
by corresponding changes in HA and H+. Comparing Eqs. 8 and 9 to 
Schemes I and I1 and Eqs. 1-7 shows tha t  


41 = -43 (Eq. 10) 


or: 


d2L4-1 - 41 DA-- 
dX2 


and: 


4 2  = 41 + 44 
Integrating Eqs. 8 and 9 once gives: 


(Eq. 11) 


(Eq. 12) 


where C1 and CZ are constants of integration. It can be shown that C1 and 
Cz are equal by mass balance considerations based on Schemes I and 111. 
Substituting for Cp in Eq. 14 and integrating with respect to X in Eqs. 
13 and 14 give the following linear equations: 


DHA[HA] = DoH[OH-] - DH[H'] + c1x + cq (Eq. 15) 
and: 


DHA[HA] = -DA[A-] + c1X + C3 (Eq. 16) 


Equations 15 and 16 must be given boundary conditions to allow 


Boundary Conditions- 
A t X = O  


[HA10 = solubility of HA 
[OH-]o = unknown 


[H+]o = unknown 
[A-]o = unknown 


where C3 and C4 are additional constants of integration. 


evaluation of the resulting constants. 


A t X  = h: 


[HA]h = 0 (under sink conditions) 
[OH-]h = from bulk pH 


[H+]h = from bulk pH 
[A-]h = 0 (under sink conditions) 


Evaluation of Constants and Conditions at X = 0-Utilizing these 
boundary conditions (X = 0 and X = h ) ,  Eqs. 15 and 16 and 2 and 3 at 
X = 0, and algebraically solving for [H+]o yield: 


-DH[H']~ + [H+lo(D~[H+lh - D o H [ O H - ] ~  
+ K,(DoH + DAK~[HA]o) = 0 (Eq. 17) 


Equation 17 is of the type: 


az2 + bz + c = 0 (Eq. 18) 
where: 


z = [H+]o 
a = -DH 
b = &[H+]h - Do~[oH-]h 
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c = K ~ ( D o H  + D A K ~ [ H A ] ~ )  


the solution of which is: 


By considering the possible signs of the coefficients a,  b, and c in Eq. 
19, it may be shown that only: 


-b  - db2 - 4ac 
2a 


z =  (Eq. 20) 


will be the correct root. Having obtained [H+]o, all of the other unknowns, 
including c1-c4, may be calculated in a sequential manner from the 
preceding equations since all of the constants required in the quadratic 
expression (Eq. 17) are known or can be estimated. 


Expression for Total Flux of Acids at Any Given Bulk Solution 
pH-The concentrations of all species at  the solid-liquid interface, i .e.,  
where X = 0, can be calculated. An expression for the total flux of the 
dissolving acid is now required as a function of changing conditions in 
the bulk solution or a t  X = h. 


Again, from Eqs. 15 and 16 and the stated boundary conditions: 


c l= - (  DHAIHA1n ) + ([H+Ih - [H+Io) 


where the right side of Eq. 21 is exactly the negative of the total flux of 
species across the diffusion layer. Thus: 


+ ((OH-Ih - [OH-]o) (Eq. 22) 
h 


and: 


Jtotal = J H A  + J H  + JOH = -C1 (Eq. 23) 
where Jtotal is the total flux of HA from the solid surface at  X = 0. Para- 
doxically, there is no expression relating the flux for the diffusion of A- 
across the diffusion layer because the fluxes of H+ and OH- automatically 
account for that of A-. Equation 22 differs from that derived by Higuchi 
et al. (5) in that it includes the terms for [H+], but it is similar to the 
equations of Hamlin and Higuchi (7) and Tsuji et al. (17). 


It is important to examine some conditions where the different parts 
of Eq. 22 exert their influence on the total flux or dissolution rate from 
the solid surface. 


1. The case where the bulk pH is considerably lower than the pKa of 
the dissolving acid, ix., [H+]h >> KO. Under this condition, the ionization 
of the acid is suppressed within the diffusion layer, making [H+]o and 
[H+]h (and, hence, [OH-]o and [OH-]h) equal. The total flux then is 
given by: 


(Eq. 24) 


for the case of sink conditions ( i e . ,  [HA10 >> [HA]h). 
2. The case where the bulk solution pH is increased such that it no 


longer suppresses ionization in the film. Thus, HA is able to dissociate 
(due to interaction with water) as described by Scheme I and Eq. 1. 


Hence, in pH regions around the pKa of the acid and up to neutrality 
in the bulk solution, the dominant form of the equation is: 


The flux of OH- will not be zero, but, in this region, it is negligible 
compared to the flux of HA and H+. 


3. The case where the bulk solution pH is increased such that [OH-]h 
approaches [HA]o. The controlling factor in dissolution now is the dif- 
fusion of hydroxide ion into the diffusion layer and the reaction with HA 
as given by the equilibrium described in Scheme I11 and Eq. 3. 


Thus, as HA is diffusing across the diffusion layer, the reaction with 
water and hydroxide ion occurs simultaneously. Hence, the total flux now 
is given by the full expression described in Eq. 22. 


Therefore, for an accurate description of the total flux of acid where 
water and hydroxide ion are the onlv reactants in the bulk solution. it is 


The concentrations of all of the species may be determined at any point 
X in the diffusion layer to observe their concentration profiles. A t  any 
distance across the diffusion layer (X = X), Eqs. 2,3,15, and 16 apply. 
The unknowns [HA], [A-J, [OH-], and [H+], without subscripts, repre- 
sent the concentrations of the respective species at  position X in the 
diffusion layer. The process of solving for a particular unknown is similar 
to that given in the previous section for the solution at  X = 0, except that 
[HA] also is an unknown. The C1, C4, and C3 values previously were nu- 
merically determined from bulk solution boundary conditions in solving 
for the concentration of a species a t  X = 0. 


The concentration of any one species may be solved for, but [H+] will 
give better insight at  any particular position in the film. Hence, using Eqs. 
3 and 15 to convert [OH-] to terms in [H+]: 


To express [HA] in terms of [H+], Eqs. 3 and 16 must be used: 


Collecting terms in Eq. 27: 


[HA] = (CiX + C3) (DHA[H+] [H+l + D A K ~ L  ) (Eq. 28) 


Equation 28 now may be substituted into Eq. 26 to give: 


- DH[H'] + CiX + c4 (Eq. 29) 


Multiplying Eq. 29 by [H+] 
give: 


+ D A K ~ K ~ )  and collecting terms 


p[H+I3 + q[H+I2 + r[H+] + s = 0 (Eq. 30) 


where: 


p = -DADHA 
4 = C&HA - C$HA - D A K ~ K ~ D H  
r = L ( D H A D O H  + C ~ D A K ~  + CIXDAKI) 
s = D A D o H K ~ K ~  


The form of Eq. 30 is cubic, with the relevant coefficients being rep- 
resented asp,  9, r, and s as defined. As such, Eq. 30 has three roots for 
[H+]. The correct solution was found by the iterative method of Newton 
(20) utilizing a digital computer'. 


Once [H+] is calculated from Eq. 30, sequential solution of Eqs. 15,16, 
2, and 3 enables [OH-], [HA], and [A-] to be determined and the diffusion 
layer profiles for all species to be calculated. 


Calculation of Film Thickness (h)-The Levich rotating-disk model 
provides a technique for following the dissolution of a solid drug from 
a compressed disk that maintains a constant surface area during disso- 
lution. The Levich (15) model defines the film thickness as: 


h = 1.612D1/3~'/6w-1/2 (Eq. 31) 


where D is the diffusivity, u is the kinematic viscosity of the medium, and 
w is the angular velocity in radians per unit time. 


The Levich theory used here is based on a single diffusing species with 
the boundary layer thickness dependent on the diffusion coefficient of 
that species to the one-third power (15). In the current study, there are 
several diffusing species with different transport properties; thus, the 
assumption of a constant-thickness boundary layer may not be correct 
where the diffusivity of a possible reaction- and flux-controlling species, 
e.g., hydroxide ion, is significantly different from that of the acid, HA. 
As will be seen later, the total flux equation (Eq. 22) can collapse to where 
the diffusivity of hydroxide ion becomes a dominant term. Thus, the error 
contribution to the calculated fluxes could occur only at  high pH. How- 
ever, the differences in the calculated boundary layer thickness consid- 
ering the differences in the diffusivities are dampened by the one-third 
power dependency of the thickness on diffusivity. Although it may be 
possible to derive a theoretical extension of the Levich approach for a 
multispecies system, it will be assumed that the simplified theory of a 
single-thickness layer presented here is reasonabb considering the scope 
and intent of this work. 


The Noyes-Whitney or Nernst-Briinner model describes the flux (J) 
necessary to consider [HA]o, the intrinsic solubility of the acid, K,; the 
dissociation constant of the acid, and the diffusivities of the acid, hy- 
drogen, and hydroxide ions. 


1 Honeywell model 66/60, A copy of the procedure and program can be obtshed 
from V. J. Stella. 
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of the acid under sink conditions, where no chemical reactions occur, as 
J = DHACs/h, where C, is [HA]o. 


By combining this equation and Eq. 31, the following expression is 
obtained 


J = O . ~ ~ D ~ ~ V - ' / ~ C , W ~ / ~  (Eq. 32) 


where J is proportional to the square root of the rotation speed. 


EXPERIMENTAL 


Materials-Benzoic acid2, 2-naphthoic acid3, and indomethacin4 were 
obtained in the pure, crystalline form. Benzoic acid was used as supplied, 
while 2-naphthoic acid was recrystallized from 95% ethanol according 
to the method of Perrin et al. (21). Indomethacin, despite high purity, 
was not in a suitable form for disk formation under high compression. 
Using a method described by Pakula et  al. (22), the a-form of indo- 
methacin was prepared, which is the lowest melting form of the compound 
but has been shown by Pakula et al. (23) to be stable. 


All other chemicals were reagent grade and were not purified fur- 
ther. 


Solubility and pKa Determinations-The intrinsic solubility (i.e., 
the solubility of the undissociated species) of a monoprotic weak acid and 
its corresponding pKa may be determined simultaneously by measuring 
the total solubility of the acid as a function of pH under controlled ionic 
strength and temperature conditions. This method was described pre- 
viously (24, 25) and is readily applied to compounds of poor aqueous 
solubility. This solubility method was used to determine the solubilities 
and pKa values of the acids a t  an ionic strength of 0.5 (with potassium 
chloride) and 25 f 0.5" in a range of hydrochloric acid or 0.1 M acetate 
hullers. 


Excess solid acid was shaken for a t  least 48 hr in vials containing -10 
ml of buffer a t  25 f 0 . 5 O  in a shaking water bath5. In all cases, 48 hr was 
sufficient for obtaining equilibrium solubility. Indomethacin is subject 
to decomposition by light and hydrolysis (26-28) in aqueous solutions. 
By excluding light from the vials and optimizing the equilibration time, 
these problems were shown to be insignificant. I t  was approximated from 
data given by previous investigators that  the half-life for hydrolysis in 
the pH region of interest (pH 2-5) was considerably longer than the time 
required for equilibration during the solubility studies. 


After equilibration, the solutions were filtered using a 5.0-fim mem- 
brane filter6, and portions of the filtrate were diluted appropriately with 
0.1 M HCl. Concentrations of all compounds were measured using a 
UV-visible spectrophotometer7 with the appropriately diluted buffer 
solution as the reference. The wavelengths and molar absorptivity for 
measurement of the three acids are given in Table I. The pH of the filtrate 
prior to detection was measured at  25" using a combination microelec- 
trodeE and a pH meter8. All samples were run a t  least in duplicate. 


Determination of Dissolution Rates-The procedure for following 
the initial dissolution rates of the three acids was similar to that of Tsuji 
et al. (17) and Underwood and Cadwallader (13). The apparatus (Fig. 
2) was based on the rotating-disk method of Nogami et al. (29) and Wood 
et al. (14). It consisted of three main parts: the dissolution cell and ro- 
tating disk, the pH-stat with a measuring electrode, and the detection 
system for continuous monitoring of the bulk solution concentration in 
the dissolution cell. 


The dissolution cell consisted of a water-jacketed beaker maintained 
at  25 f 0.1°9. The dissolution medium (250 ml) was placed in the cell into 
which was immersed a combination pH electrode, a Plexiglas disk hold- 
erl0 with a shaft, and a titrant delivery tube. Also, two sampling tubes, 
which were connected to a flowthrough system, were placed in the solu- 
tion at  set positions to sample and return the solution during a dissolution 
run. 


The shaft and disk holder were rotated by an overhead synchronous 
motor of variable speed" that was calibrated by a tachometer12. Disks 
of solid material, previously compressed to a precise size, were inserted 
into the holder to form a surface flush with that of the disk holder. The 


Fisher Scientific Co., Fair Lawn, N.J. 
Aldrich Chemical Co., Milwaukee, Wis. 
Merck Sharp & Dohme, West Point, Pa. 
American Optical Corp., Buffalo, N.Y. 


Radiometer Instruments, Copenhagen, Denmark. 


6 Gellman Metrical, 13 mm. ' Cary Instruments model 118. 


9 Model Fe Haake Instruments, Karlsruhe, West Germany. 
lo  Manufactured at the University of Kansas. 
l1 Model T2, G. K. Heller Corp., Floral Park, Long Island, N.Y. 


Tak-ette, Power Instruments, Skokie, Ill. 


Table I-Spectral Characterist ics of the Three Carboxylic Acids 
Used in Solubility Studies (25") 


Xman Solvent for 
Compound nm €molar Measurement 


Benzoic acid 229 11,375 0.01 M HC1 
2-Naphthoic acid 235 54,332 0.01 M HCl 
Indomethacin 264 17,926 0.01 M HC1 


or 0.1 M 
acetate buffer 


pH electrode and titrant tubing were connected to the pH-stat assembly, 
which continuously monitored the pH of the medium during a dissolution 
run and delivered titrant to maintain a predetermined pH within that 
medium. Once steady-state conditions were reached during a dissolution 
run, the titrant was delivered at a constant rate, which was dependent 
on the release rate of acid from the disk and the concentration of titrant 
used. In all cases, sodium hydroxide solution was the titrant and ranged 
from 0.01 to 0.5 M, depending on the acid and the pH being main- 
tained. 


The continuous monitoring device was a flow system with a UV spec- 
troph~tometer '~.  The spectrophotometer, equipped with a flowcell with 
a 1-cm path length, was set to measure the acid concentration in the bulk 
solution a t  the optimum wavelength of absorbance for each compound 
after standardization. A peristaltic pump14 circulated the solution using 
silicon tubing of fine bore (4.1 mm 0.d. X 0.76 mm i.d.); the remainder 
of the tubing was made of polytefI5 (1.5 mm 0.d. X 0.8 mm i.d.\ to reduce 
potential adsorption during an experiment. 


When dissolution experiments were performed under acidic conditions 
(i.e., pH 2.00), the pH-stat system was not required due to the suppression 
of any ionization of the dissolving acid. However, to maintain consistmt 
hydrodynamics between runs performed a t  varying pH, the pH electrode 
and delivery tubing were not removed. T o  determine if the compounds 
dissolved by a diffusion-controlled mechanism, the dissolution rates of 
the acids were measured (where possible) a t  pH 2.00 over a range of 
rotation speeds. 


Disk Preparation-Individual disks of 200-500 mg of each compound 
were compressed a t  4.5 X lo3 kg for 1 min using an IR potassium bromide 
pellet punch and die16 in a hydraulic pressI7. The disks were 1.3 cm in 
diameter and of varying thickness, depending on the amount and com- 
pressibility of the material used. Benzoic acid and 2-naphthoic acid were 
compressed directly, but indomethacin presented some difficulty due 
to capping. The y-polymorph of indomethacin (mp 160-162°) was the 


J n 


U V  SPEC b 
Figure 2-Diagram of the rotating disk and cell, the pH-stat and con- 
centration monitoring devices, the combination electrode (A), the 
Plexiglas disk holder with disk (B), the recorder for concentration versus 
time readout (C), the peristaltic pump (Dj, the thermostated-jacketed 
dissolution cell (E), the water jacket inlet (Fj, the water jacket outlet 
(G),  the delivery tubing from the pH-stat (H), and the circulating tubing 
for the UV flowcell (J).  


Carl Zeiss, New York, N.Y. 
l4 Masterflex, Cole-Parmer, Chicago, Ill. 
l6 Rainin Instrument Co.. Brighton, Mass. 
l6 Coleman Products, England. 
l7 Carver Press, Fred Carver, N.J. 
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l / [ H * I  X 10-3,M-'  


Figure 3-plot of total solubility ofindomethacin at 2 5 O  versus lI[H+] 
for equilibrated 0.1 M acetate buffers, p = 0.5 (potassium chloride); SO 
i s  obtained from the intercept, and K, is obtained from the slope. 


worst for disk formation, while the a-form was suitable. 
According to IR measurements (23) before and after compression, no 


appreciable amount of y-indomethacin was formed during compression 
so th'e disks were regarded as being of uniforn a-indomethacin. Where 
disk formation was hindered by capping and sticking, the material was 
compressed once, ground, and recompressed. Again, no apparent poly- 
morphic changes were observed in the slugged a-indomethacin. It was 
assumed that the surface area of the disk did not change during disso- 
lution, even though some pitting was seen with the more soluble com- 
pounds. 


The rotation speed of the mounted disk was varied from 50 to 900 rpm, 
which corresponds to Reynolds numbers of 226-3983 as defined by: 


r2o  
R e = -  


V 
(Eq. 33) 


where Re is the dimensionless Reynolds number and r is the radius of 
the disk. The Reynolds number range calculated here is well below that 
quoted by Levich (15) for transition from laminar to turbulent flow at 
the disk surface. 


RESULTS AND DISCUSSION 


Solubility and pKa-The total solubility of a monoprotic weak acid 
in aqueous solution is equal to the sum of the concentrations of the species 
appearing in solution at  equilibrium, i.e.: 


S = [HA10 + [A-] (Eq. 34) 


where S represents the total solubility and [HA10 and [A-] are as defined 
previously. Combining Eq. 34 with the K, expression for the acid 
y i e 1 d s : 


(Eq. 35) 


where [H+] is the hydrogen-ion concentration at  equilibrium. A plot of 


Table 11-Measured Intrinsic Solubilities and K. Values for 
Benzoic Acid, 2-Naphthoic Acid, and Indomethacin at 25" 
(f0.5') and a n  Ionic Strength of 0.5 with Potassium Chloride 


Intrinsic 
Solubility 


Compound (HAo), M Ka pKa ra 


Benzoic acid 2.16 X 9.25 X 4.03 0.9999 
2-Naphthoic acid 1.3 X 9.64 X 4.02 0.9998 
Indomethacin 2.62 X 6.70 X 4.17 0.9996 


Correlation coefficient from plots of S uersus I/[H+] (Eq. 35). 


0 1 2 3 4 5 6 7 8  


w%, (radians/sec)% 
Figure 4-ptot of the flux, J, of benzoic acid as a function of the square 
root of the rotation speed, u, in 0.01 N HCI, jt  = 0.5 (potassium chloride) 
at 25O. 


S uersus l/[H+] yields an intercept of [HA10 and a slope of K,[HA]o. 
Dividing the intercept into the slope gives K,. Figure 3 is such a plot for 
indomethacin. Similar plots were obtained for the other two acids, and 
the results are summarized in Table XI. 


Dissolution Rate as Function of Rotation Speed-The adherence 
to the Levich model for the dissolution of benzoic acid, 2-naphthoic acid, 
and indomethacin was examined. It was studied at a bulk solution pH 
of 2.00 for benzoic and 2-naphthoic acids. Indomethacin was too insoluble 
a t  this pH to give an accurate initial dissolution rate, especially a t  the 
lower rotation speeds. Hence, its dissolution rate study was carried out 
a t  pH 7.00. 


It was assumed that the hydrodynamics at pH 7.00 were similar to 
those at pH 2.00. A t  the highest rotation speeds, an estimate of the initial 
dissolution rate of indomethacin was made at  bulk pH 2.00. Indomethacin 
dissolution rates a t  pH 7.00, as a function of rotation speeds, were de- 


9- 


8 -  


7 -  


6- 
z 


w % ,  (radians/sec)" 
Figure 8-plot of the flux, J, of2-naphthoic acid as a function of the 
square root of the rotation speed, w ,  in 0.01 N HC1, jt  = 0.5 (potassium 
chloride) at 25'. The error bars represent the standard deviation for 
each point. 
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Table 111-Data Obtained from Plots of J versus u1/2 fo r  
Benzoic Acid, 2-Naphthoic Acid, and Indomethacin 


Calculated 
Slope Diffusivity 


(Levich from Slope, 
Compound Plots)a cm2/sec r b  


Benzoic acid 1.594 X 9.6 X 0.9996 
2-Naphthoic acid 1.003 X 6.1 X 0.9986 
Indomethacin 4.889 X 5.0 X ' s d  0.9613 


7 -  


6 -  


5 .  
"3 z 
0 4 -  
% 


X 


. N . 6 3. 
E" 


(I Slope = 0.62D2'3uy-'~6C from Eq. :36. Correlation coefficient for least-squares 
Surface linear plotofJuersus U ~ / ~ . ' ' C  Using 1, = 9.77 X lo-" Stokes from Ref. 31. 


pH calculated Irom Eq. 20. 


termined with the pH-stat to maintain the bulk solution pH. It was as- 
sumed that a change in the rotation speed did not affect the mixing of 
the added base during dissolution. The results of the dissolution rates 
versus w112 are given for each compound in Figs. 4-6. A summary of the 
slopes and diffusivities is given in Table 111. 


The linearity, intercepts, and slopes obtained in Figs. 4 and 5 suggest 
that  a truly diffusion-controlled mechanism operates in the dissolution 
of benzoic and 2-naphthoic acids under acidic bulk pH. However, the 
indomethacin data do not agree with the theory in view of the pronounced 
nonzero intercept. The results suggest that  dissolution occurs when the 
disk is static. The Levich theory considers only a forced-convection 
component due to rotation and ignores other mechanisms, such as natural 
convection, which may occur at low rotation speeds. 


There are several possible reasons for the nonzero intercept with in- 
domethacin. One is that the intrinsic error in the curve is large, as noted 
by the large standard deviations a t  each point, because the initial disso- 
lution rates of indomethacin are slow and subject to greater errors than 
are those of the other two acids. Another possible cause is that  the pH 
of the solution may influence the kinetics such that, with a compound 
as sensitive to changes in the bulk conditions as indomethacin, an addi- 
tional mechanism at the surface may influence the dissolution. The 
possible source of this pH effect could be the assumption that the 
boundary layer thickness is dependent only on the diffusivity of the acid 
(HA) and not on the diffusivities of hydrogen and hydroxide ion, whose 
effects may be rotation rate dependent (see Theoretical). The source of 
an additional mechanism is unclear and was not investigated in the 
present study. 


Theoretical and Observed Diffusion Coefficients-Tsuji et al. (17) 
found good agreement between diffusion coefficients derived from the 
Levich analysis of the dissolution rate and those determined by the dif- 
fusion cell method of Goldberg and Higuchi (30). Diffusion cell mea- 
surements were not performed for benzoic acid, 2-naphthoic acid, and 
indomethacin in the present study; literature values were used instead. 
Diffusion coefficients determined under identical conditions to those used 
here (25' a t  p = 0.5 with potassium chloride) are not found in the liter- 
ature, but approximations are given in Table IV. 


Flynn et al. (31) reviewed various ways of calculating diffusion coef- 
ficients in liquid and gaseous systems. The most commonly accepted way 
is to use the Stokes-Einstein equation which predicts that  D is propor- 
tional to where M is the molecular weight of the diffusing mole- 
cule. 


Dayal et al. (34) showed that there is a good correlation between dif- 
fusivity and molecular weight to the negative one-half power of many 
organic compounds of pharmaceutical interest. This square root rela- 
tionship would be consistent with drug molecules being planar rather 
than spherical. 


To calculate the diffusivity from the Levich plot (Fig. 6) for indo- 
methacin, the total concentration of ionized and unionized acid must be 


i I / a2r 1 


I I 


0 2 4 6 8 1 0  
w x ,  (radianshec)" 


Figure 6-Hot of the flux, J, of indomethacin as a function of the square 
root of the rotation speed, w, in 0.5 M KC1, adjusted and maintained 
a t  pH 7.00 by a pH-stat at 25'. Error bars represent the standard de- 
viation for each point. 


known a t  X = 0. By assuming a value of D A  in Eq. 17 and also the dif- 
fusivities of H+ and OH-, [H+]o for bulk pH 7.00 may be calculated. A 
value of 5.6 X cm2/sec for DHA was calculated from the square root 
relationship, using benzoic acid as the reference. Having calculated [H+]o, 
the total indomethacin concentration at X = 0 can be obtained using Eq. 
35. On substitution of this value for C,  into the Levich equation slope 
obtained from Fig. 6: 


slope = 0.62D2/3v-1/6C, (Eq. 36) 


a value for the slope of 4.88 X is calculated. Hence, good agreement 
is shown between the experimental and calculated values for the slope 
if a D A  value of 5.6 X cm2/sec is assumed. This substitution also was 
tried using the Stokes-Einstein equation as a means of estimating the 
indomethacin diffusivity, but it failed to give a set of values as close as 
those from the square root relationship. Due to the presence of swamping 
electrolyte in the dissolution medium (0.5 M KC1) in all further calcu- 
lations, the diffusivities of the conjugate bases of the acids are assumed 
to be equal to those of the acids. 


Hydrogen and hydroxide-ion diffusivities have been discussed in the 
literature (32,35-38). Many determinations have been performed using 
conductivity to obtain the diffusivities of the ions. However, according 
to Erdey-G& (37), care must be exercised in using diffusivity values from 
these sources since diffusional forces exerted on an ion in an electric field 
or across a potential gradient may not be identical to those in a neutral 
medium. 


Stokes (35) determined the diffusivity of hydrochloric acid using a 
porous frit method and conditions similar to those employed here. He 
found a value of DH = 3.1 X cmz/sec at 2 5 O ,  which is very close to 
the diffusivity of the hydroxide ion found by Higuchi et al. ( 5 )  in 0.75 M 
NaCl a t  2 5 O ,  DOH = 2.92 X cm2/sec. In the present study, it will be 
assumed that hydrogen and hydroxide ions have equal diffusivities (ig- 
noring the effects of dissimilar hydration and ionic geometry in solution) 
which approximate the value for the self-diffusion of water. The value 


Table IV-Diffusivity Data  Available for  Benzoic Acid, 2-Naphthoic Acid, and  Indomethacin 


DeXpa Dtheory 
Molecular (25O, p = 0.5) (Stokes-Einstein), Dtheory *, Dliterature. 


Cnmnniind Weieht cm2/sec cmzlsec cm2Isec cm2/sec 


Benzoic acid 122.1 9.6 x 6.63 x lo-& 8.90 X 11.0 x 10-6 = 


2-Naphthoic acid 172.2 
12.1 x 10-6 


6.1 X 6.11 X f 8.08 X g - 


5.6 x g 4.80 X 5.60 X g - Indomethacin 357.8 


From Figs. 4-6. * Using the square root relationship. Using p = 1.266 g/ml, T = 29S°K, and 1 = 9.97 X poise. Using o-aminobenzoic acid as the reference 
Using benzoic (D = 8.4 X 


acid as a comparison. 
cm2/sec) at 25' in water from Ref. 33. In water at 25' ( p  = 0 )  from Refs. 5 and 22. f Using p = 1.40 g/ml (T  and 7 as for benzoic acid). 


Using 2-naphthoic acid as a comparison. 


18 I Journal of Pharmaceutical Sciences 
Vol. 70, No. 1, January 1981 







Table V-Initial Dissolution Rate Data for Benzoic Acid in 0.5 M 
KC1 (p = 0.5) with Varying Bulk Phase pH * 


Jobs, Jtheor', 
pHob moles/cm2/sec moles/cm2/sec 


PHbulk (x = 0) X los ( fSD)  x 108 


2.00 2.00 9.39 (f0.30) 9.06 
3.00 2.83 - 9.55 
4.00 3.05 - 9.93 
5.00 3.08 - 9.98 
6.00 3.08 - 9.99 
7.00 3.08 9.60d 9.99 
8.00 3.08 9.16 (f0.43) 9.99 
9.00 3.08 9.91 (f0.56) 9.99 


10.00 3.11 9.50 (f0.33) 10.05 
11.00 3.33 10.73 (f0.43) 10.08 
11.20 3.45 11.14 (f0.10) 11.33 
11.40 3.60 12.17 ifo.39j 12.33 
11.70 3.87 14.58 (f0.43) 15.22 
12.00 4.16 23.23 (f1.12) 21.19 
12.30 4.46 33.53 (f3.10) 33.21 
12.61 4.77 64.38d (f5.20) 58.38 
13.04 5.20 136.31 141.89 


~ 


,I Rotation speed of the disk was 450 rpm for all dissolution rate measurements 
( h  = 2.31 X cm). Calculated from Eq. 20. Calculated from Eq. 22. d Mean 
taken from at least two determinations. 


assigned to the diffusivity of hydrogen ion and hydroxide ion was DH = 
DOH = 2.80 X cm2/sec. 


Initial Dissolution Rates as a Function of Bulk Solution pH-The 
initial dissolution rates of benzoic acid, 2-naphthoic acid, and indo- 
methacin are given in Tables V-VII. These tables include the predicted 
or theoretical dissolution rates based on Eq. 22. To calculate these the- 
oretical dissolution rates for given values of [H+]h and [OH-]),, diffusion 
coefficients, [HA10 values, and equilibrium constants are used as previ- 
ously determined or calculated. For comparative purposes, the relative 
dissolution ratio, R, is used, which normalizes the dissolution rates of all 
of the acids to the rate at pH 2.00, where the undissociated species is the 
only diffusant; R is defined by: 


J R = -  
Jn 


(Eq. 37) 


Both Rtheor (theoretical) and Robs (experimental) values are plotted 
versus bulk solution pH in Fig. 7. It can be seen from Eq. 37 thatR is 


Table VI-Initial Dissolution Rate Data for 2-Naphthoic Acid in 
0.5 M KCl ( p  = 0.5) with Varying Bulk Phase pH a 


Jobs, Jtheordr 
PHO moles/cm2/sec moles/cm2/sec 


PHbulk (x = 0)  X 1O'O ( Z ~ S D ) ~  x 10'0 


2.00 2.00 4.28 (f0.18) 4.02 
2.50 2.50 4.75 (f0.01) 4.10 
2.65 2.65 4.91 (f0.25) 4.15 
3.00 3.00 4.94 (f0.13) 4.36 
3.50 3.49 5.85 (f0.17) 5.16 
4.00 3.91 7.84 (f0.34) 7.11 
4.50 4.15 10.28 (f0.64) 9.42 
5.00 4.24 11.85 (f0.151 10.64 
6.00 4.28 i3.30 ifo.4oj 11.24 
7.00 4.28 13.82 (f0.61) 11.31 
8.00 4.29 13.59 (f0.43) 11.38 
8.50 4.29 14.17 (f0.97) 11.63 
9.00 4.32 14.99 (f0.24) 12.04 
9.20 4.35 16.15 (f0.56) 12.50 


.9.50 4.41 18.24 (f1.07) 13.85 
10.05 4.69 27.36 if0.70) 22.58 
10.20 4.80 34.62 (f1.45) 28.37 
10.50 5.07 56.22 (f0.92) 49.43 
10.70 5.27 - 74.90 
11.00 5.56 - 144.36 


a Rotation speed of the disk was 450 rpm for all dissolution rate measurements 
(h  = 1.99 X cm). Calculated from Q. 20. Standard deviation from at  least 
three determinations. Calculated from Eq. 22 and h calculated from Eq. 31. 


Table VII-Initial Dissolution Rate Data for Indomethacin in 0.5 
M KCl ( p  = 0.5) with Varying Bulk Phase pHa 


PHbulk 
2.00 
2.50 
2.65 
3.00 
3.50 
4.00 
4.50 
5.00 
6.00 
7.00 
7.50 


pHob 
(X = 0 )  


2.00 
2.50 
2.65 
3.00 
3.50 
4.00 
4.49 
4.89 
5.19 
5.23 
5.24 


Jobs, 
moles/cm2/sec 
X (fSD)c 


12.17 (f3.0) 


26.987f1.9) 


30.99 (53.38) 


80.60(f9.6) 
133.59 (f12.9) 
150.63 (f11.5) 
166.00 (f2.7) 


- 


- 


Jtheord, 
moles/cm2/sec 


x 10'2 


8.82 
8.94 
9.02 
9.34 


10.61 
14.60 
26.70 . 
54.80 


100.06 
108.02 
110.44 


8.00 5.26 181.38 (f10.2) 116.68 
138.04 8.50 5.34 
158.32 8.70 5.41 


9.00 5.56 338.16 (f9.3) 222.75 


227.21 (f8.3) 
253.23 (f23.8) 


9.20 5.71 - 307.85 
9.50 5.97 - 557.83 


a Rotation speed of the disk was 600 rpm for all dissolution rate measurements 
( h  = 1.67 X cm). Calculated from Eq. 20. Standard deviation from at  least 
three determinations. d Calciulated from Eq. 22 and h calculated from Eq. 31. 


independent of h, the diffusion layer thickness. Hence, benzoic acid and 
2-naphthoic acid data obtained at  450 rpm can be compared directly to 
the indomethacin data obtained at  600 rpm. For the calculation of the 
theoretical dissolution rates, h, as defined by the Levich relationship, 
was used for each compound at its designated rotation velocity as given 
by Eq. 31. 


Tables V-VII indicate that, in all cases, there is reasonable agreement 
between the theoretical and predicted quantities, Jtheor, and those ob- 
tained by experiment, Job. The theoretical values are based entirely on 
equations derived previously. Only independently determined or esti- 
mated parameters (i.e., DHA and [HA]o) are used in these equations and 
no curve fitting actually was done. 


The poorer agreement between Jtheor and Job (Table VII) relative to 
and Rob (Fig. 7) for indomethacin suggests that the value for either 


DHA or [HA10 may be off. That is, if the solubility or diffusivity of in- 
domethacin is underestimated by -30%, it would account for the dif- 
ferences noted. 


Figure 8 is a plot of the pH at the solid-liquid interface, p&, calculated 


30 - 
26 - 


22 - 
18- 
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2 
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h 14- 
10 - 


6 -  


PHbulk 


Figure 7-Relative dissolution rate, R, versus pHbulk  for several car- 
boxylic acids a t  25O, p = 0.5 (potassium chloride) using a pH-stat to 
maintain constant pHbulk. The solid lines are those predicted by Eq. 
22, and the data points are those experimentally determined; Jo refers 
to the dissolution rate a t  pH 2.00, p = 0.5. Key: A, indornethacin; D, 
2-naphthoic acid; and 0,  benzoic acid. 
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Figure 8-Plot showing the relationship between the calculated pH 
at  X = 0, pHo, and pHbulk for the dissolution of seueral carboxylic acids, 
where water and hydroxide ion are the only bases in the dissolution 
medium. Key: 1, indomethacin; 2, 2-naphthoic acid; and 3, benzoic 
acid. 


from Eq. 20 as a function of the bulk solution pH, pHbulk, for each com- 
pound. In all cases, there are three clearly defined regions, which can be 
explained in terms of Eq. 22. The only parameters that differ between 
the compounds are the diffusivity (DHA and DA) and the intrinsic solu- 
bility ([HAIo), assuming that the KO values at p = 0.5 are approximately 
equal. 


At very acidic bulk solution pH values, the pH at  the solid-liquid in- 
terface equals that of the bulk because the hydrogen-ion concentration 
in the bulk solution is sufficient to suppress dissociation of the dissolving 
acids in the diffusion layer. Hence, the total concentration of the acid 
species at the solid-liquid interface is determined by the bulk solution 
pH or hydrogen-ion concentration and is the intrinsic solubility of the 
acid. Under these conditions, Nernst conditions exist since pHo equals 
pHbulk. At lower bulk hydrogen-ion concentrations (larger pHbulk), the 
acid dissociates to its conjugate base and hydrogen ions. This provides 
a larger total acid species concentration at  X = 0, but hydrogen ions still 
limit the degree and amount of dissociation. As the bulk pH is increased 
or as [H+]h decreases, benzoic acid, which is the most soluble of the acids 
studied, contributes to its own diffusion layer pH microenvironment a t  
X = O  


K ,  [HA10 = [H+lo[A-lo = W+IE (Eq. 38) 


Alternatively, benzoic acid can be said to self-buffer the pH microen- 
vironment of its diffusion layer. In Fig. 8, this is represented as a plateau 
between pHbulk of -3.0 and 11.0. In this region, pHo changes very little 
and remains at the pH value of -3.08. This value would be the approxi- 
mate pH of a saturated benzoic acid solution in 0.5 M KCl at 25'. In this 
region, the flux expression, Eq. 22, may be approximated by: 


(Eq. 39) 


Since benzoic acid self-buffers at pH -3.0, the increase in the total 
benzoate species concentration at X = 0 over a wide range of bulk pH is 
only -10% of that at bulk pH 2.00, where ionization is essentially sup- 
pressed. Therefore, the relative dissolution rate for benzoic acid changes 
very little in this region. 2-Naphthoic acid and indomethacin, being less 
soluble than benzoic acid by factors of -lo2 and lo4, respectively, are less 
able to control or self-buffer the diffusion layer pH microenvironment 
at X = 0. Hence, lower hydrogen-ion concentrations in the bulk solution 
are required than for benzoic acid for the deviation from Nernst behavior 
to be observed. This change occurs a t  a pHbulk of -4.30 for 2-naphthoic 
acid and at a pHbulk of -5.20 for indomethacin. These pH values corre- 
spond again to those of saturated solutions of the two acids in 0.5 M KC1 
at 25O. 


The plateau pHo values of 2-naphthoic acid and indomethacin corre- 
spond to 2.65 and 11.35 times, respectively, the total acid species con- 
centration at x = 0 as there are at pHbulk 2.00. Hence, the dissolution 
rates of 2-naphthoic acid and indomethacin are much more sensitive to 
changes in the bulk solution pH. This stresses the importance of the in- 
trinsic solubility of the acid in determining its dissolution rate depen- 
dency on pH. The KO of the acids also is important since it will determine, 
in combination with the intrinsic solubility, when deviation from Nernst 
behavior occurs with a change in bulk solution conditions. 


With a further increase in the bulk solution pH, control of the disso- 
lution rate also is affected by hydroxide ion diffusing in from the bulk 
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Figure 9-Plot of the total dissolution rate of 2-naphthoic acid, J, as 
a function of the hydroxide-ion concentration difference across the 
diffusion layer of a rotating disk at 450 rpm. 


solution, which reacts with the acid according to the equilibrium ex- 
pression represented by Eq. 3. Thus, the total flux of the acid now in- 
cludes the hydroxide-ion term, Do~([oH-]h - [OH-Io), because it nu- 
merically approaches the values of the other terms in the equation. A 
similar expression and interpretation was given by Higuchi et al. (5). The 
pHo rises a t  a rate that is directly dependent on the rate and amount of 
hydroxide ion diffusing in. Indomethacin, being poorly soluble, has little 
self-buffering capability and shows a sharp rise in its relative dissolution 
rate a t  a bulk pH of -7.5.2-Naphthoic acid is of intermediate solubility 
and shows a rise in its dissolution rate a t  a bulk pH of -9.50 because the 
bulk hydroxide-ion concentration must be higher than that for indo- 
methacin to overcome the greater self-buffering ability of 2-naphthoic 
acid at  X = 0. Finally, at pH -11.00, the considerable self-buffering ca- 
pability of benzoic acid is overcome and an increase in the dissolution 
rate ensues with continued pHbulk increase. 


Further information can be derived from the profiles summarized in 
Fig. 7 if the terminal portion of the dissolution rate uersus PHbulk curve 
follows a limiting case of Eq. 2 2  


(Eq. 40) J = constant + - ([OH-]h - [OH-Io) 


The [H+]o - [H+]h term in Eq. 22 is not actually constant since any 
change in [OH-] must give a corresponding change in [H+]. However, at 
high bulk pH values, the hydrogen-ion term becomes negligible with 
respect to the hydroxide-ion term. A plot of Juersus [OH-]h - [OH-]o 
is shown in Fig. 9 for 2-naphthoic acid. In fact, [OH-]o is negligible rela- 
tive to [OH-]h for all of the acids in this pH range, with a plot of J uersus 
[OH-]h having an essentially identical slope to  that predicted from Eq. 
40. Similar plots were made for benzoic acid and indomethacin, and the 
results are summarized in Table VIII. 


The slopes of the three plots render values for the hydroxide-ion dif- 
fusivity that range from 2.63 X cm2/sec. A mean dif- 
fusivity of 2.79 X cm2/sec was determined, and this value was chosen 
for DH and DOH in the preceding theoretical calculations. Again, the 
assumption was made that the boundary layer thickness, h, used to cal- 
culate DOH from the slopes in Table VIII is that calculated for the acid 
flux dependency on w1I2. This assumption seems reasonable considering 
the good correlation between the experimental and calculated flux results 
and the consistency of the DOH values. Nevertheless, it is an assumption 
open to question. 


Apart from allowing an estimate of DOH for this system, Eq. 40 also 
shows that at extremely high hydroxide-ion concentrations, the fluxes 
of all of the acids are identical and independent of the properties of the 
acid: i.e., both the constant terms and lOH-10 are negligible relative to 


DOH 
h 


to 3.04 X 


. -  _ _  
the [OH-]h term. 


Concentration Profiles and DH across Diffusion Laver-Figure - 
10 shows idealized sections of the diffusion layer for benzoic acid, 2- 
naphthoic acid, and indomethacin a t  various bulk solution pH values. 
The fractional distance across the diffusion layer is calculated as Xlh.  
Fractional concentrations are given by dividing the concentration of the 
species a t  X = 0 into that a t  X = X in the case of HA, A-, and H+ or by 
dividing the concentration of the species at X = h into that a t  X = X for 
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Figure 10-Idealized diffusion layer cross sections for benzoic acid, 2-naphthoic acid, and indomethacin, showing the fractional concentration 
profiles with the fractional distance across the fi lm as calculated from Eqs. 30 and 31. Calculated ualues of pH across the film in each case also 
are included. Key: 0,  [HA]; - -, [AA-] ;  e, [H+I;  X, [OH-]; -, PH; A, pHbulk 4.00; B, pHbulk 7.00; c, pHbulk 9.00; and D, pHbulk 11.00. 


OH-, which diffuses in the opposite direction to that of the other species. 
These functions normalize the data across the diffusion layer and facil- 
itate comparison of concentration profiles for different compounds at  
the same bulk solution pH or for the same compound at different bulk 
solution pH. However, these values are useful only for comparative 
purposes and are obtained from the absolute data derived from Eq. 30 
and its dependent equations. 


The ability of benzoic acid to self-buffer the diffusion layer as [H+]h 
varies is seen in Fig. 10 by observing the pH changes across the diffusion 
layer as a function of the bulk solution pH. Only at  the rather high bulk 
solution pH of 11.00 does the hydroxide ion significantly affect pHo and, 
thus, increase the dissolution rate. 2-Naphthoic acid shows its ability to 
self-buffer between pHbulk 4.0 and 9.00, after which the diffusion of hy- 
droxide ion begins to affect the dissolution rate. Indomethacin, as dis- 
cussed previously, is less able to effect its own pH microenvironment of 
the diffusion layer. In this case, the bulk solution pH largely determines 
pHo and, therefore, the dissolution rate of the drug under these condi- 
tions. 


Table VIII-Hydroxide-Ion Diffusivity Calculated from the 
Slopes of the Jobs versus [OH-]j, - [OH-lo Plots for Benzoic 
Acid, 2-Naphthoic Acid, and Indomethacin 


~ 


Slope" h x lo3 b, DOH X lo5, 
Comaound x 108 cm cmZ/sec rc 


Renzoic acid 1.174 2.29 2.69 0.9964 
ZNaphthoic acid 1.334 1.97 2.63 0.9987 
Indomethacin 1.826 1.67 3.04 0.9898 


~ ~~ 


(I Units for [OH-] are moles per square centimeter. * Calculated from Eq. 31. 
Correlation coefficient for each plot. 


From the way in which the model has been developed, the diffusion 
layer thickness, h, from the Levich relationship has been taken as an 
absolute distance from the solid-liquid surface to where perfect mixing 
of the bulk solution abruptly occurs. This was shown by Levich (15), in 
electrochemical model systems, not to be totally correct. Rather, the 
concentration changes are more continuous around X = h. He showed 
that direct use of the postulated diffusion layer thickness in the Nernst 
relationship underestimates the true diffusion layer thickness and ap- 
proximates the shape of the concentration profile. Gregory and Riddiford 
(39) also demonstrated that h is represented more correctly by a more 
complex expression than that used by Levich. However, the Levich- 
Nernst combination is a good approximation to the real situation, as 
supported by the agreement between the theory and the experimental 
data over wide ranges of bulk solution conditions in the present study. 


CONCLUSIONS 


The rotating-disk dissolution apparatus, combined with a potentio- 
metric technique to maintain the bulk solution pH, has been demon- 
strated to be a convenient and precise system for the determination of 
dissolution rates of solid monoprotic acids into aqueous media. With 
minor modifications, the system is adaptable to the study of mass 
transport of basic compounds under similar conditions. 


A theoretical approach has been presented to describe the factors that 
determine the dissolution rates of monoprotic acids into an unbuffered 
but constant pH aqueous solution where a simultaneous chemical reac- 
tion occurs with water and hydroxide ions of the bulk solution. The model 
adequately describes the initial dissolution rates of three carboxylic acids 
having a broad range of solubility properties under various pH conditions. 
The concept of a pH microenvironment within the diffusion layer is used 
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to explain the influence of several factors, such as the bulk solution pH, 
solubility, and diffusivity, on the dissolution rate of the acids. 
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Abstract The dissolution behavior of 2-naphthoic acid from rotating 
compressed disks into aqueous buffered solutions of constant ionic 
strength ( p  = 0.5 with potassium chloride) at 25’ was investigated. A 
model was developed for the flux of a solid monoprotic carboxylic acid 
in aqueous buffered solutions as a function of the solution pH and the 
physicochemical properties of the buffer. The model assumes a diffusion 
layer-controlled mass transport process and a simple, instantaneously 
established reaction equilibrium between all reactive species (acids and 
bases) across the diffusion layer. Using intrinsic solubilities, pKa values, 
and diffusion coefficients, the model accurately predicts the dissolution 


of 2-naphthoic acid as a function of the bulk solution composition. The 
concentration profiles of all species across the diffusion layer are gener- 
ated for each buffer concentration and bulk solution pH, including the 
pH profile within the microclimate of the diffusion layer and the pH at  
the solid-solution boundary. 


Keyphrases 0 Carboxylic acids-dissolution kinetics, effect of buffers 
Dissolution kinetics-carboxylic acids, effect of buffers 0 Buffers- 


effect on dissolution kinetics of carboxylic acids 


The objective of this investigation was to determine 
experimentally the effect of buffers on the dissolution of 
2-naphthoic acid from a constant surface area pellet under 


controlled ionic strength (p = 0.5 with potassium chloride), 
temperature ( 2 5 O ) ,  and pH conditions (pH-stat). A model, 
an extension of one described previously (l), also was de- 
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and terminates on Day 15. 
Several studies linked the alteration of events common to palatogenesis 


and bone formation, including glycosaminoglycan (23) and collagen 
formation (24,25), and the activities of enzymes (alkaline phosphatase, 
acid phosphatase, and P-glucuronidase) (26) and hormones (parathyroid 
hormone and calcitonin) (27) to the production of cortisone-induced cleft 
palate. Because of these relationships and the similarities that exist be- 
tween cortisone- and phenytoin-induced skeletal malformations, it can 
be concluded that, qualitatively, the teratogenic mechanism of action 
of these agents in the formation of skeletal anomalies is similar. 


A graphical approximation of the regression lines of the mean percent 
of cleft palate per litter on log-dose for cortisone- and phenytoin-treated 
groups appears in Fig. 1. These lines are the result of the second iteration 
of the method of probit analysis described by Finney (8). The original 
iteration was performed on lines fitted independently from the results 
obtained from the test groups without constraint of parallelism. The 
results from the second stage were employed to calculate the common 
slope, which was used to construct the curves in Fig. 1. Heterogenicity 
and parallelism were both examined by x2 tests. Because the dose-re- 
sponse regression lines for cortisone- and phenytoin-induced cleft palate 
did not deviate from parallelism, the teratogenic mechanism of action 
of these agents in causing this anomaly may be similar. The relative po- 
tency of phenytoin as a cleft palate-inducing teratogen was calculated, 
according to the method of Finney (8), to be from 14.54 to 69.18% that 
of cortisone. 
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Abstract The degradation of 6-selenoguanosine (NSC 137679)(1) in 
water and in various buffer systems was investigated. Drug degradation 
in aqueous media was monitored by high-pressure liquid chromatogra- 
phy. Some kinetic aspects of the degradation of I in various buffer systems 
at  25’ also were studied spectrophotometrically. The degradation, which 
requires oxygen, involves autoxidation of I to the corresponding disele- 
nide, which produces a selenide and metallic selenium in the presence 
of oxygen. This degradation pathway differs from that reported for the 


oxidation of related thio compounds. 


Keyphrases 0 6-Selenoguanosine-oxidative degradation in aqueous 
solutions, kinetics 0 Autoxidation, aqueous-6-selenoguanosine, sele- 
nium compounds, pharmacokinetics 0 Kinetics-6-selenoguanosine, 
oxidative degradation in aqueous solutions, selenium compounds 
Antineoplastics-6-selenoguanosine, selenium compounds, oxidative 
degradation in aqueous solutions, kinetics 


During a study of selenium analogs of physiologically 
active sulfur compounds, numerous selenium analogs were 
synthesized for biochemical investigation. 6-Selenopurine 
was synthesized (1) and found to be active as an antileu- 
kemic agent (2), but it was unstable and toxic to the host 
(3). Subsequently, 6-selenopurine-9-~-~-ribonucleoside 
was prepared, but it was even less stable than 6-seleno- 
purine under the same conditions (3). 


In a search for a more stable analog, 6-selenoguanosine 


(NSC 137679) (I) was synthesized (4); it  was found to be 
an active inhibitor of several experimental tumors in uitro 
(5,6) and in uiuo (7,8). Although I was reported to be more 
stable than preceding analogs (4, 9), it  still undergoes 
sufficiently rapid degradation in aqueous solutions such 
that its formulation in a dosage form suitable for evalua- 
tion of anticancer activity presented serious problems 
(10). 


While considerable information has been published 
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relative to the oxidation and other solution reactions of 
sulfur-containing compounds, including thiopurines and 
thionucleosides (11,12), there is a lack of such information 
for related selenium compounds. The present work ex- 
amined the nature of the degradation, including its reac- 
tion products, and investigated the factors affecting the 
degradation rate of I in solutions. 


RESULTS AND DISCUSSION 


When I was dissolved in water (0.75 mg of I/ml of water) and air was 
continuously bubbled through the solution, cloudiness developed within 
5 hr. The cloudy solution was filtered at  6 hr, and the solid dark-yellow 
residue was dissolved in methanol. When the methanolic solution was 
examined by high-pressure liquid chromatography (HPLC), a major peak 
was eluted at  21.5 ml (capacity factor k’ = 7.08). An authentic sample of 
the diselenide of 6-selenoguanosine in methanol (11) also eluted a t  21.5 
ml. Results of the elemental analysis of the solid residue were in good 
agreement with those of the authentic I1 sample. Additionally, the UV 
spectra of methanolic solutions of the solid residue and authentic I1 also 
were identical. Thus, it was concluded that the cloudiness was due to I1 
precipitation. When the filtrate of the cloudy solution at  5 hr was ex- 
amined by HPLC, only a very small peak (D, Fig. 1) corresponding to I1 
was observed; it was attributed to the fact that I1 is only very sparingly 
soluble in water (-0.1 pg/ml) and little remains in solution. 


The compounds responsible for the remaining peaks in the filtrate 
chromatogram shown in Fig. 1 also were examined. Peak A (k’ = 1.46) 
was due to I itself. Peak B (k’ = 3.92), which was only present in small 
amounts, was characterized as guanosine (111) based on the fact that it 
coeluted with an authentic guanosine sample. 


The compound responsible for peak C ( k ’  = 4.40) was more difficult 
to characterize. In chromatograms of freshly prepared solutions of I, peak 
C was not observed. But on standing with exposure to molecular oxygen, 
peak C increased in intensity. After standing for -10 days, the reaction 
appeared to reach completion; the chromatogram of the reaction mixture 
filtrate showed only a small peak B (corresponding to 111) and a large peak 
C, with no remaining peak A or D. When a dilute aqueous suspension of 
I1 (0.2 mg of II/ml of water) was prepared and allowed to stand exposed 
to air, peak C again was formed at  the expense of 11. The sediment re- 
maining after the aqueous solution of I was exposed to oxygen for 10 days 
was red. Separation and analysis of the solid demonstrated that it was 
selenium metal. 


The filtrate obtained a t  10 days was evaporated to dryness under re- 
duced pressure, and the compound corresponding to peak C was iso- 
lated and recrystallized. HPLC analysis of the recrystallized solid indi- 


hbose ribose 


I1 I11 


P 


C 


1 1 1 . 1 . m 1 1 +  
0 6 12 18 24 


ELUANT VOLUME, rnl 


Figure 1-Chromatogram (HPLC) of a solution of 6-selenoguanosine 
in water (pH -4-5) after 5 hr at room temperature. 


cated that recrystallization had not resulted in any significant compound 
degradation, although some contaminants, including 111 and selenium 
metal, appeared to be present in the final product. Subsequent attempts 
to purify the samples further resulted in some degradation, as evidenced 
by visual inspection and HPLC analysis. Elemental analyses of the 
samples obtained indicated 11-13% selenium. When the sample was 
treated with trimethylsilane and analyzed by chemical-ionization mass 
spectrometry, the parent ion (MH+ = 1190) and the two major fragments 
(mass 635 and 555) suggested the structure of the silylated compound 
to be IVa. 


While the carbon, hydrogen, and nitrogen analysis of the isolated 
material did not agree closely with that of IV, the discrepancy may be 
attributed to an inability to obtain a pure sample, even when recrystal- 
lization from various solvents was attempted. The UV spectrum of IV 


IV: R = H, bis(2-amino-9-~-~-ribofuranosyl-6-puriny1) 
selenide 


IVa : R = trimethylsilyl 
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showed a maximum at 325 nm, indicating more conjugation in the purine 
ring system and the absence of the selenone group. 


When I was dissolved in water that had been recently boiled and cooled 
(under argon or nitrogen) and the reaction mixture was kept under argon 
(or nitrogen), no degradation products were detected by HPLC and the 
solution remained clear for >6 days. Similarly, a I1 suspension in oxy- 
gen-free water stored under an inert gas showed no IV formation. How- 
ever, when these same systems were subsequently exposed to oxygen, 
decomposition again was apparent within a few hours. 


These data demonstrate the need for oxygen in conversion of I to I1 
and of I1 to IV. These results support the following scheme: 


~ I % I I % I V + S ~  
Scheme I 


where the conversion of I to I1 involves a simple oxidation while the 
conversion of I1 to IV is a more complex transformation. While the pro- 
duction of IV from I1 appears to be a disproportionation reaction, the 
necessity of atmospheric oxygen precludes such a simple explanation. 


Although a free radical process may be involved, available data do not 
provide a specific mechanistic interpretation of the conversion of the 
diselenide to the selenide and metallic selenium. 


As already mentioned, in the degradation of I and 11, traces of 111 were 
present in the solutions. It is not clear whether I11 occurs as a result of 
a minor side reaction of the decomposition of I and/or I1 or as a product 
of the slow degradation of IV. In any event, it represents only a small 
fraction of the products. 


While I1 has a very low water solubility of -1 pg/ml, both I and IV are 
much more soluble, with the solubility of I being -2-3 mg/ml and that 
of IV being -3.5 mg/ml. 


Spectrophotometric changes observed during the described reaction 
also supported Scheme I. In simple aqueous solution (pH 4-51, the ab- 
sorbance maximum of I was at 358 nm while in 0.1 N NaOH, A,,, was 
-330 nm. This marked change in A,, may be ascribed to tautomerization 
and ionization as shown in Scheme 11. 


Methanolic solutions of I, 11, and IV yielded A,,, values of 365 (log a 
4.29), 318 (4.30), and 327 (4.31) nm, respectively. The chemical structures 
of both I1 and IV are related more closely to Ia than to I and thus would 
be expected to exhibit A,, values similar to those of Ia. When oxidation 
of I in water was followed spectrophotometrically a t  pH <7, the reaction 
was accompanied by a substantial time-dependent decrease in absorbance 
at  350-360 nm and a corresponding increase at  315-330 nm. In alkaline 
media of pH >lo, the maximum absorbance was at 315-330 nm; little 
change in absorbance occurred as the reaction proceeded (as monitored 
by HPLC). 


Similar spectral behavior has been reported and rationalized for nu- 
merous related 6-thiopurine derivatives including the corresponding 
disulfides and the 6-alkylmercapto compounds (12-16). In all cases, loss 
of the thione or selenone form resulted in a hypsochromic shift. 


The initial degradation studies were carried out on solutions prepared 
by dissolution of I in water. The resulting solutions were in the pH 4-6 
range. Subsequent efforts were directed toward determining the effects 
of pH on the degradation rate of I. 


The rates of loss of I from aqueous buffered solution exposed to air were 
studied at pH 2-11 using UV spectrophotometry and/or HPLC. Over this 
entire pH range, the degradation rate of I appeared to be a first-order 
process, with linear semilog plots obtained for more than two half-lives 
in all cases and for up to five half-lives in most instances. 


The rate data are summarized in Table I; I apparently was most stable 
a t  pH 4-5. At values of pH 7-11, there appeared to be no significant 
change in the rate of loss of I, which is surprising since the pKa of I was 
found by spectrophotometric determination to be 7.68 f 0.05. Normally, 
it might be expected that the ionization involving the selenium atom 
would alter the rate significantly. Table I also shows that the buffers used 
may substantially influence the degradation rate. This finding is par- 


se se- 


Table I-Rate Data Obtained for the Loss of 6-Selenoguanosine 
for Aqueous Buffered Solution at 25" and Various pH Values 


11.0 Sodium hydroxidebVc 330 6.6 10.6 
9.0 0.010 M borateb 330 3.9 17.8 
8.0 0.010 M borateb 335 5.0 13.9 
7.9 0.005 M phosphate 335 2.5 27.7 
7.0 0.005 M phosphate 357 4.7 14.7 
5.0 0.010 M acetateb 358 40.8 1.7 


5.0 0.010 M citrate 358 10.1 6.9 
4.0 0.010 M acetateb 358 44.9 1.5 


2.0 Hydrochloric acid 360 27.7 2.5 


Initial concentration was -5 X 
obtained by HPLC studies with initial concentration of I of 2 X 10-4 M. 


(43.8)c (1.6)c 


(49.3)C (1.4)c 


M. * Solution contained 0.1 M KCI. Data 


ticularly obvious at pH 5, where acetate and citrate buffers were used and 
the rate in citrate was more than fourfold greater than that in acetate at 
concentrations of 1 X M. 


Additional absorbance studies were carried out to determine if citrate 
enhanced degradation or if acetate acted as a stabilizer. With both citrate 
and acetate buffers (pH 5), the rate of absorbance loss increased when 
the buffer concentrations increased, indicating that both buffer systems 
enhanced the rate of loss of I. 


With acetate buffers, the rate enhancement due to buffer appeared 
to be rather small and a linear relationship appeared to exist between 
buffer concentration and the observed rate constant. The effect of total 
citrate concentration on the observed rate constant was nonlinear, ex- 
hibiting a decreasing rate dependence on citrate as the buffer concen- 
tration was increased from 1 X to 0.10M. The precise cause for the 
observed asymptotic relationship is not understood but presumably in- 
volves a reversible interaction between I and citric acid (or citrate ion) 
to yield a species that is less stable than I itself. Studies on the effects of 
citrate on I degradation are continuing. 


At pH 4 and 5 in acetate buffers, the rates of loss of I as determined by 
both spectrophotometry and HPLC appeared to accelerate a t  about two 
half-lives (60-90 hr). Whether this result was due to product catalysis 
or another competing side reaction was not determined. Such acceleration 
was not observed at  other pH values or even at  pH 4 and 5 when citrate 
buffers were used. However, in those cases, the half-lives of the reaction 
being monitored were much shorter and, consequently, the loss of I was 
largely complete in 50-60 hr. 


While the oxidation of I in water is rather facile, the oxidation rates 
in dimethyl sulfoxide and dimethylacetamyde were much faster. Within 
1 hr a t  ambient temperature, complete conversion of I to I1 occurred. 
However, there did not appear to be any subsequent diselenide degra- 
dation in either of these organic solvents over the several days during 
which the solutions were monitored. Similar oxidation reactions in these 
solvents were reported for sulfur compounds (17). 


CONCLUSION 


In a reaction analogous to the autoxidation of thiols and thionucleo- 
sides such as thioguanosine, 6-selenoguanosine (I) is oxidized in aqueous 
media in the presence of air to yield the corresponding diselenide. 
However, unlike the disulfides, which are relatively stable except in al- 
kaline media or in the presence of potent oxidizing agents, the diselenide 
(11) of I undergoes a facile reaction to yield the more soluble selenide and 
selenium metal. Whether this is a general reaction of diselenides was not 
addressed in this study but may merit investigation as a simple means 
of preparing seleno ethers from organic selenols. 


Previous reports that I was more stable than some of its analogs were 
based on absorption changes in aqueous solution (9). However, the 
comparisons made were between a solution of I in an alkaline medium 
(where loss of I is not accompanied by significant changes in absorption) 
and solutions of 6-selenopurine and related compounds at  neutral pH 
(where loss of the parent substance is evidenced by large absorption 
changes). When solutions of I were studied at neutral pH values, relatively 
rapid and large absorbance changes were observed. Consequently, the 
stability of I clearly does not differ substantially from that of its closely 
related predecessors. 


In the absence of oxygen, I was quite stable, and aqueous solutions gave 
no evidence of drug loss over several days. In the presence of oxygen, the 
minimum rates of oxidation appeared to occur a t  pH 4-5. Further sta- 
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bilization can be afforded by the incorporation of antioxidants such as 
ascorbic acid and dithioerythritol(10). 


EXPERIMENTAL 


Materials-6-Selenog~anosine~ (I) was purified by recrystallization 
from aqueous ascorbic acid as previously described (10). All other 
chemicals were analytical or chromatographic grades. 


Preparation of I Solutions for Kinetic Studies-A stock solution 
of I was prepared by dissolving the drug (15-17 mg) in 100 ml of 0.1 M 
KCl. The solution obtained was filtered (0.45-pm membrane filter), and 
10 ml of the clear filtrate was diluted to 100 ml with the selected buffer 
to yield I concentrations of -5 x M. The resulting solution was kept 
in a tightly closed flask and maintained at  25’ in a water bath. Aliquots 
were withdrawn at  intervals, and the UV absorption at A,, (358 nm in 
pH 4-5 acetate buffer, -330 nm in more alkaline buffers, and 360 nm in 
acid buffers) was monitored apectrophotometricaIly2. 


For kinetic studies monitored by HPLC, solutions were prepared 
similarly, but the final concentrations of I were -2 X lo-* M. Aliquots 
(20 pl) were removed and analyzed by HPLC. 


pKa Determination of I-The pKa was determined spectrophoto- 
metrically at 25O by the method of Albert and Serjeant (18). Buffers were 
0.01 M, and calculations were based on absorbances monitored at  255, 
330, and 358 nm. At all wavelengths, the value obtained was pKa = 7.68 
f 0.05. 


Chromatography-HPLC was performed as described previously 
(10). Although the methodology used was unchanged, the elution volume 
and, consequently, the capacity factors were much smaller. These factors 
were observed to decrease as column use continued. 


Isolation and Characterization of Degradation Product (IV) of 
I in Aqueous Solution-Compound I (300 mg) was dissolved in deion- 
ized water (400 ml). Air was continuously bubbled through the solution, 
and the degradation was followed chromatographically (1 ml of the re- 
action mixture was diluted to 10 ml with methanol and 10 pl of solution 
was injected) until the reaction was complete (-10 days). Water loss due 
to evaporation (which was accelerated by the passage of air through the 
solution) was compensated for by daily addition of water to a constant 
total volume. Such replacement of water was necessary to keep the 
reactants in solution. 


After 10 days, the reaction mixture was filtered (0.45-pm filter), and 
the filtrate was evaporated to dryness under reduced pressure at -4OO. 
The residue was treated with absolute ethanol (30 ml, to facilitate the 
complete removal of water) and was again evaporated to dryness. The 
product was dissolved in boiling methanol (25 ml), filtered, and poured 
on cold ether (400 ml). The resulting liquid, containing a yellow precip- 
itate, was kept in a refrigerator overnight. The precipitate was separated 
by filtration (glass filter, 4-4.5 pm), washed with cold ether (3 X 25 ml), 
and dried under vacuum for 24 hr to give 195 mg of IV (65% yield) as a 
yellow solid, which decomposed on melting at  220-222’ (uncor.). 


Anal.-Calc. for C2~H24NloOsSe: C, 39.29; H, 3.96; N, 22.91; Se, 12.91. 
Found3: C, 37.77; H, 4.1; N, 21.09; Se, 11.92. 


~ ~ ~~~ ~ ~~~~ 


Obtained from the National Cancer Institute. 
Cary model 14 or 15, Varian Instruments, Palo Alto, Calif. 
Analyses were performed by Schwarzkopf Microanalytical Laboratory, and 


by the Medicinal Chemistry Department, University of Kansas. 


Chemical-ionization mass spectrometry‘ of the trimethylsilylated 
compound gave evidence of a molecular ion (MH+) of 1190 and two major 
fragments a t  masses of 555 and 635, corresponding to fragmentation of 
the compound (IVa) between the selenium atom at  position 6 of the 
purine rings. Both the parent ion and the mass 635 peaks exhibited the 
typical selenium cluster. These results agreed with the molecular weight 
of 612 for Structure IVa. 


REFERENCES 


(1) H. G. Mautner, J. Am. Chem. SOC., 78,5292 (1956). 
(2) H. G. Mautner and J. J. Jaffer, Cancer Res., 18,294 (1958). 
(3) Zbid., 20,381 (1960). 
(4) L. B. Townsend and G. H. Milne, J. Heterocycl. Chem., 7,753 


(5) S. H. Chu, J. Med. Chem., 14,254 (1971). 
(6) S. H. Chu and D. D. Davidson, ibid., 15,1088 (1972). 
(7) G. H. Milne and L. B. Townsend, ibid., 17,263 (1974). 
(8) A. F. Ross, K. C. Agarwal, S. H. Chu, and R. E. Parks, J. Biochem. 


(9) G. H. Milne and L. B. Townsend, J.  Heterocycl. Chem., 8,379 


(10) Y. A. Beltagy, W. Waugh, and A. J. Repta, J. Pharm. Sci., 69,1168 


(11) I. L. Doerr, I. Wempen, D. A. Clarke, and J. J. Fox, J. Org. Chem., 


(12) J. J. Fox, I. Wempen, A. Hampton, and I. L. Doerr, J. Am. Chem. 


(13) G. B. Elion, E. Burgi, and G. H. Hitchings, ibid., 74, 411 


(14) J. A. Johnson, Jr., and H. J. Thomas, ibid., 78,3863 (1956). 
(15) G. B. Elion, I. Goodman, W. H. Lange, and G. H. Hitchings, ibid., 


(16) D. J. Brown and S. F. Mason, J .  Chem. SOC., 1959,682. 
(17) G. Copozzi and G. Modena, in “The Chemistry of the Thiol 


Group, Part 2,” S. Patai, Ed., Wiley, New York, N.Y., 1974, pp. 785- 
840. 


(18) A. Albert and E. P. Serjeant,” Ionization Constants of Acids and 
Bases,” Methuen, London, England, 1962, pp. 69-77. 


(1970). 


Pharmacol., 22,141 (1973). 


(1971). 


(1980). 


26,3401 (1961). 


Soc., 80,1669 (1958). 


(1952). 


81,1898 (1959). 


ACKNOWLEDGMENTS 


Supported in part by Contracts N01-CM-23217 and N01-CM-07304, 
Drug Development Branch, Division of Cancer Treatment, National 
Cancer Institute, Department of Health and Human Services. 


Y. A. Beltagy gratefully acknowledges support provided by the 
Egyptian Ministry of Education. 


The authors appreciate the efforts of Neil Castagnoli and L. T. Lang, 
University of California a t  San Francisco, in obtaining the mass spec- 
trophotometric data. 


* Mass spectrometry was erformed at the Pharmaceutical Chemistry Depart- 
ment, School of Pharmacy, bniversity of California at San Francisco. 


Journal of Pharmaceutical Sciences I 637 
Vol. 70, No. 6, June 1981 





